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1.0 INTROoUCTION

1.1 Ink.uad

Deeob e Human Reliability Prediction System Program was initiated by the AdvancedDevelopment Objective, 43-13X. The objective of this program was to develop a technology for predicting

and demonstrating the system effectiveness parameters of combined man-machine systems. Specific param-
eters, such as system mission reliability and availability, and design oriented measures, such as human and
equipment mean time between failure (MTBF) and mean time to repair (MTTR), were considered.

Before this program, no tools existed for measuring the impact of human reliability on
system performance, and there was no effective procedure for predicting human reliability in a weapons
systems environment.

Project W43 13X was established in FY 69. The Chief of Naval Material designated the
Naval Air Systems Command (NAVAIR) as the Principal Development Activity and assigned supporting
responsibilities to the Naval Ships Systems Command (NAVSHIPS) and other Navy organizations. In
NAVAIR. the project was assigned to AIR 303.

The management responsibility for the Human Reliability Prediction System was given
tto Naval Sea Systems Command (NAVSEA). The project team consisted of personnel from Naval Under-

water Systems Center (NUSC), Appled Psychological Services, and Tracor. These team members have
developed a set of procedural tools which can be used by project managers to evaluate combined human,
system, and equipment reliability and maintainability.

For information contact:

Mr. Kenneth P. LaSala
NAVMAT 08 E
(202) 692-1106

1.2 Avaiabe Took and Models

The Human Reliability Program has sponsored the development of a number of tech-
niques for estimating the impact of human performance on system performance, reliability, and maintain-
ability (see figure 1-1). The program has developed a set of simulation and empirical models based on an
extensive analysis of fleet maintenance data and a concept of operational reliability which incorporates

human and equipment factors.

1.27 Simulation Mod*l& The simulation models (Siegel-Wolf), developed by Applied
Psychological Services Wayne, Pa., permit human, equipment, and system reliability;availability.and MTTR
to be estimated as a function of human proficiency, system design, and ships environmental parameters. An
example of the results obtained by these models is presented in figure 1-2,

i.
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Figure 1-2 System MTTR (riht scale), and Reliability and Aveilability (left scale) a e Function of Average
Crew Proficiency and Manning Lve

The probability of successful completion of each of these factors is determined, and the probability of
correcting the malfunction is computed by multiplying these probabilities in the appropriate manner. Both
series and parae operations can be handled.

The methodology for computing the electronic maintenance factors listed above was
developed based on data obtained from a fleet sample of 533 technicians.

1-3
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U1.2 Oe.Tv Abn Simulamo Mkol fOr Calculat Maifwjntju COMWtIuiu Time. A
computer simulation model (flgw- 1-3) was developed to predict malfunction correction time. This model

tie eqirdto comptheuanmured byeach oftefcosadcmie hmto compute
oveallmaluncionconctin tme we pm14).

Me mdel as alidtedusing extensive data on the AN/URC.35 and AN/APS-l15
radio systems. The accuracy of this computational technique wan found to be excellent.

1.21.3 Mmue, -e Syatw' Rahuiwp, Skwulaton A#OCW (4 to 20 AM). This model simulate*
the behavior of a aelf-contined systm manned by from 4 to 20 persona on missions which may vary from
I to 30 days. Thi model can simulate the performance of a many n 80 jobs per day. Teams of up to 20
persons can be simulated along with the, repairs of a max~imum of 20 different equipments.

The typical data for this model are as follows:

0 Number of nun holding each rank (pay grade) and specialty (rating)

0 Body weight

* Average proficiency in primary and secondary specialty

0 Average work pace

41 Average physical capability

* Average man's physical capability after a full work day and its effects on sub-

sequent tak performed.

LA

F/pr 1-3. C*Wmr Skwbet Swumei
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The equipment input data includes data such as:

0 Equipment and failure rate

9 Average repair time

* Standard deviation of repair time

0 Number of men required to accomplish repair by type

The program calculates:

* Human reliability, availability, and MITR

0 Equipment reliability, availability, and M7TR

* System reliability, availability, and MTTR

* A variety of other parameters such as stress, fatigue, percent work completed,
percent needing touchup, time for task completion, etc.

122 Empirkal Morb& The empirical models were developed, by Tracor, from fleet main-

tenance data on the AN/SQS-26 (CX) sonar: These models provide a simple means of rMating repair time,
maintenance manhours and maintenance man experience (see figure 1-5). An analysis of the dataasuested

a nw praete, alld minenacepovr, hih tedrepair tieand experience together.Manenc
power Is equal to the product of maintenance man experience and time spent on a repair, it was shown that
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a simple relationship exists between maintenance power and the other parameters a shown in Rem 1.
TIs& empirical model is useM to system design during advanced development (or making preliminary
estimates of system M11R, manning levels, and exprience levels. Data for these studies were obtained by
the Naval Weapons Engineering Support Agency (I4AVWBSA) under the sponsorship, of NAVSEA. The
specifi models developed ane described a feows.

0 Logknral distribution models for each major category or maintenance data

6 LUnear remelon models relating the repair time to the new parameter, main-
terkance power

41 A simple prediction technique based on lognormal assumptions

0 A multiple repairman manhout and repair time prediction model that emplolys
matrix equations which Incorporate repairman experience etut

6 A flow chart maintainability prediction procedure that would overcome the
weakness of MIL-HDBK472 Procedure 11 end bridge the gap betweenithecreti-
cal maintainability prediction uid the actual demonstration

IM S

4se
M&

1.7



0 Two methods of stilmtiq tlhe confidene bounds for variates that an rouly
lognormaly distributed ( irt method piedicts confidence bounds that
account for parameter estimate variationa, ad the mcound method predicts
confidence bounds that account for noise effcts In the lognomal di;trlbutlon.)

SMan hour, repair time, and number of men per repair test demonstration methods

] 1 ,23 AIIosfoan MeW. The program also has developed a methodology for maximizing the

operational reliability of manmmeahd systems. This model can be solved by means of standard dynamic
rammin8 techniques -- it makes use of the outputs of each of the models discussed previously. Themd Is unique in that it penits the interactions of al of the major parametes describing man-machineinteractions and their efflct on opeationd reliability to be computed.

1.3 Musem at Itutim

A set of relationships for computing human, equipment, and system availability,
reliability, MTTR, and MTBF was developed and incorprated into the 4 to 20 man simulation model de
scribed in section 4. These equations are listed below The computer names of the input variables of these
equations are provided.

~/

HUJMANR6IJ.ABIrLJ.Y - o/r (1-1)

2. Iftian A vwlbfty

HUMAN A VAILADLITY -I - e lost misusion aon (1-2)

3. Human MTTR

HUMAN MTFR - 1bst w d -"1ce (O-A)
ft Of WKOId bry s"VOCS

4. Equipmet fte~bly

EQUItPfW REIJAJWUTfY -I - row ft1-4,,)f"" (1-4)

1 W"



( ~S. Equipment Availability

EQUIPMENT AVAILABILITY - IqUipmen, up time
Total minsim time x No. of equipmen ts (.)

6. EquipnmenrMTBF

EQUIPMNT MTD times between failures
EQUIPMET MTBF No. of failres

Mfisswfon tmetx down time (1-6)

NO. Of fagures

?. Equipment MTTrR

EQUIPMENT M7TR -To tal repai tim es for eff misnions (1-7)
No. of repirs

Z8. System Reliability

VYS TAMRELIABILITY - I- No. of equipment failures + No. of people failures (4

Iterations x No. of equip + Human attempts

9. System A veilability

SYSTEM AVAILABILITY - j Syte down time (1-9)

6 ROOM



l0. SyIum MTrR

SYS~hMM7ITR Z *e~rp.n + Ztime fowac~ 'acmu t~o
No, of rep.I. No. of second trysacze

1-10



zS

2.0 PROBABILITY COMPOUNDING (HAND CALCULATION)

2.1 Introduction

The probability compounding method of predicting human reliability provides a
means of calculating the probability that a particular maintenance technician, or group of maintenance
technicians, will successfully accomplish the sequence of tasks required to correct a particular malfunction
on a given equipment or system. The method provides for hand computation of individual or group reli-
ability indices. In section 3 this basic method is expanded into a computer simulation technique for predict-
ing the time it will take to correct the malfunction. These predictions are based on a magnitude estimate
of the ratio of the number of unusally effective to the number of unusually ineffective performances
obtained in a sample of each of the required tasks. The probability compounding procedure involves the
following steps as illustrated in figure 2-1.

0 Multidimensional scaling

* Individual performance index computations

4 Reliability index computation

These steps are discussed in detail in the following paragraphs. The probability compounding method is
directly applicable to any activity which consists of a sequence of events. Therefore, it can also be used to
compute human operator reliability. These techniques are discussed in the later sections of this user's
manual.

E LECTRONIC aEIASILITY OF MITNOD FORUMAINTNANCE TECHNICIANS FACTOR COMPOUNIN]

SCALING F ACTORS ctF ACTORS AND APPLICATION

:; MALFIINCTION

PROBABIITY
E[STIMATE

~Fipure 2-.1. Flow of Events in Matintenanc Technician Reliability Program

. Mudimensonal Scoins

! Multidimensional scaling is a technique for identifying all of the job factors or tasks
involved in the maintenance. servicing. and repair of the equipment or system. In implementing the human

i reliability prediction system, multidimensional scaling analyses have been performed to identify the corn-

plete spectrum of tasks and requirements involved in the maintenance of electronic equipments or systems.
Equivalent factors have yet to be derived for mechanical systems.

2-1



To determine the structure of the job of the electronic maintenance technician,

Siegel and Schultz (1963) performed a multidimensional scaling analysis of the job of electronic main-
tenance by naval technicians. The consensus of Fleet personnel interviewed indicated that the job of the
technician was best described by some 29 different tasks. Examples of tasks were: using schematics for
complex circuits and troubleshooting/isolating malfunctions in avionic equipments. The 29 tasks performed
by both supervisory and line personnel constituted the sample which provided the basic data for the analysis.
Sixty-five subjects distributed over 14 separate maintenance units were involved. The data was factor
analyzed by the principal components method with rotation according to the equamax criterion (Saunders,
1962). Nine factors emerged. These factors were named: Electro-cognition (EC), Electro-repair (ER),
Instruction (I), Electro-safety (ES), Personnel Relationships (PR), Electronic Circuit Analysis (ECA),
Equipment Operation (EO), Using Reference Materials (URM), and Equipment Inspection (El). These
factors are fully defined in table 2-1. Numerical estimates are given in section 3. These should be used in all
predictions.

Table 2- 1. Definition of Factors

I. Electro-cognition This factor is associated with any routine mental activity involved In the
troubleshooting acts. It includes the mental formulation of simple hypotheses
regarding the cause of a malfunction, the mental synthesis of elementary
cause-effect relationships, logical thinking of a routine nature, and the inte-
gration of test results with pretest hypotheses. Simple sequential tests do not
Involve electro-cognition. For example, continuity tests would not involve
this category. This is a "how to make it work" factor as opposed to electronic
circuit analysis, which is a "why it doesn't work" factor. Tasks which might
involve electro-cognition are:

" Making logic changes in a data processing unit

" Comparing an output waveform to an illustration in a technical
manul

* Observing fault lights and inferring module to be replaced

2. Electro-repair This factor includes the motor and manipulative aspects of physically repair-
ing a component which has failed. It does not include module or component
replacement, but does include module or component repair. Examples of
tasks Including electro-repair are:

" Replacing a broken solder joint

* Adjusting the contacts on a relay

3. Instruction This factor involves teaching others how to inspect, repair, operate, or main-

tain electronic equipments. Examples of tasks involving this factor are:

* Instructing another technician on how to use test equipment

0 Instructing a subordinate on how to perform a test or repair
act

* Instructing an operator on how to work an equipment

2-2
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Table 2 1. Definition of Factors (Continued)

4. Electro-safety This factor involves implementation of special safety procedures to mini-
mize the possibility of additional equipment damage. An example task
involving this factor is:

0 Observing high voltage protection instructions on equipment I

5. Personnel This factor includes the management and supervisory aspects of maintenance
Relationships organization functions. Examples of tasks involving this factor are:

0 Supervising the operation/inspection/maintenance of an elec-
tronic equipment

* Assigning personnel to an electronic repair

0 Developing a repair schedule

6. Electronic Circuit This factor is purely mental in nature. It includes the application of elec-
Analysis tronic principles to the correction of a fault. Electronic principles include the

selection and use of circuit formulae and the application of the results of
calculations, and application of principles of electrical/electronic diagnostic
tcchniques. This factor is different from the electro-cognition factor in that
electro-cognition is almost directly effect-cause related, whereas electronic
circuit analysis involves more sophisticated consideration of intervening proc-
esses. For example, if in the case of a faulty output, the technician can
decide that either module A, B, or C is malfunctioning and that he can com-
plete the repair by sequential replacement of modules until the correct
output is obtained, then the factor involved is electro-cognition. On the other
hand, if the technician must perform a test on each of A, B, and C and then
apply electronic theory to determine the faulty module, then electronic cir-
cult analysis is involved. Electronic circuit analysis might also be involved in
certain aspects of failure reporting. Examples of electronic circuit analysis
are:

* Determining why an oscillator yields an improper frequency
response

* Determining why the time delay of a timing circuit is too long

* Determining why a power supply goes into an over-voltage shut-
down mode

7. Equipment This factor involves the operation or exercise of prime equipment and electri-
Operation cal and electronics test equipment. Examples of this factor are:

0 Employing repaired equipment

0 Using an oscilloscope

2-3.8



* A
Table 21. Definition of Facton (Continued)

8. Using Reference This factor includes the use of supporting documentation. The use of schemat-

Materials ics and block diagrams is included under either elect ro-cognition or elec-
tronics circuit analysis.

9. Equipment This factor includes inspections of electronic equipment. including those
Inspection inspections and examinations required after performing a correction or repair

to the equipment.

2.3 Perfeormune Indices
To apply the prediction system to a particular maintenance organization, each main-

tenance technician must be rated in each of the tasks identified in the multidimensional scaling analysis.
Individual ratings were obtained by observing and evaluating a sufficient number of performances in each
job factor to provide a valid sample of the technician's capability. Estimates based on previous experience
will also be used. These estimates were derived by interviewing technicians who were experienced in each
job factor. In each job factor, the technician's unusually effective (UE) and unusually ineffective (UI) per-
formances were identified. The technician's performance index (or probability of successful job perform.
ance) for each job factor was then computed by the formula:

S(2-I)

The calculations for determining technician performance index ratings are given in example 2-1.

Example 2-1. Performance Index Calculatiens

Procedure Example

I. Identify ZUE and ,Z Ul for each job factor I. In 25 performances on a particular job
factor, technician a was rated unusually
effective in six performances and unusually
ineffective in one performance

ZUE=6
Zul- I

2. Compute the technician's performance index 2. 6 .
(probability of successful performance) for 6 86
the job factor

Technician a's Performance index (probabil.

I LIEity of successful performance) -. 86
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In practice, the data provided in table 2-2 should be used. Performance indices need not be recomputed for
each new electronic system problem.

Table 2.2. Avsrag Tachnkln Raebltity R'inp

Career Field

Job Activity EM ET FT IC RD RM ST TM

Electro Cognltio.r' .55 .83 .86 .62 .33 .63 .92 .36

Electro Repair .78 .99 .92 .70 .30 .71 .70 .40

Instruction .75 .95 .97 .45 .57 .95 .51 .66

Electro Safety .60 .98 .95 .65 .92 .70 .42 .62

Personnel Relationships .74 .70 .79 .63 .40 .77 .85 .80

Electro Circuit Analysis .63 .90 .95 .58 .40 .65 .74 .60

Equipment Operation .92 .85 .95 .65 .90 .85 .92 .75

Using Reference Material .73 .90 .87 .62 .95 .92 .88 .66

EM - Electrician's mate RD. Radarman
ET • Electronics Technician RM. Radioman
FT . Fire Control Technician ST - Sonar Tchnician
IC Interior Communications Electrician TM - Torpedoman's mate

2.4 Rdi@My Idet I"" mpM tbiM

Given a multidimensional scallng of the equipment or system to be maintained and a
complete set of performance Indices for each technician, the human reliability for a given malfunction can
be computed.

A malfunction in the equipment or system will involve some (not necessarily all) of
the job factors Identified in the multidimensional saf analysis. After the factors which are involved in
the malfunction ar determined, the maintenance technician's performance indices in those factors can be
used to compute the probability that the malfunction will be successfully corrected.

Th actual method of computing reliability depends upon several variables: The reli.
ability prediction technique used will depend on the interdependencies among the job fhctors involved in
the correction of the malfunction and with the number of techniciam assigned to the problem. Another
variable is the method of assignment when more than one technician is assigned to a problem-whether they
work independently on differet job tasks or together on the same task.
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25?t Introduction. Several different job activities and persons may be involved in the
performance of a task. Successful task performance may require the successful performance of all job activities
by all persons or the successf performance of only some combination of job activities. The probabilityof successfl task performance is Inrae when several person are asige to the tam task, and perform

the job activity in parallel with each other. In addition, the probability of successful performance will be
increased If a technician is permitted to repeat the performance or one aspect of the performance.

Siegel and Miehle (1967) presented methods for calculating overall probability of
successful task accomplishment when the probability of accomplishing each of the elements of the task is
known. The methods are demonstrated below. They were developed to exploit the job factors identified in
the multidimensional scaling studies and personnel reliability data on each factor collected originally by
Siegel and Pfeiffer and later by Siegel and Federman.

Basic concepts are expressed as follows:

Let:

s - satisfactory task performance

rmn = satisfactory performance of job activity m by technician n

Rmn = reliability of technician n on activity m

Pr (rmn] = probability that statement rmn is true

Thus, Prirmn] Rlee and Pr's] - reliability of task performance.

Suppose performance of a task involves technician b on three job factors (3, 4, and 6)
and technician g on three factors (3, 5, and 8). Both technicians perform factor 3. The condition for satis-
factory task performance is:

smk(r3 bV r3 g) A r4b A r6b A r5s A r83  (2-2)

V is a symbol for inclusive or (inclusive dlgunction)

A is a symbol for and (conjunction)

f isa symbol for "Is equivalent to"

We are not limited to an "and" and "or" logic. Statements could conceivably be connected by conditional
or biconditional symbols. These in turn can be expmaed in items of "and," "or," and negation. The nesa-
ton ofr isr I.

Electronic equipment maintenance can be performed by means of series or parallel
tasks and by a dngle o a group of maintenmance technicians. Several examples Illustrating a number of
dferant cas are given below.

2&2 The Series Cam The condition that all activities must be performed satisfactorily is
expresed by joining all atements by "conjunction" (A).s a rIA2. This is called a series task.

24



4 Prs] Prrla r2a] i Prir2aI (2-3)

Pr'r1, ral is a conditional probability which is read "the probability of ra , given r,. it is the probabil-

ity t t r Iak is true under the condition of r2a being true. When the truth of rI a is indeeendent of the truth
of r2, we say that rla and r2a are independent statements. In this case, Pris] Prlrla] Pr'2a.

Let:

swr2 a A r3 d A r6a (2.4)

Pr[S] - Pr[r2aA r3 dA r6d] (2-5)

= Prr2a I r3 dAr6aIPrIr3d I r6alPr[r6a]

if all statements are independent, this reduces to:

Pr[s] - Pr~r ] Prlr3d]Pr[r6a] (2.6)

Example 2-2 demonstrates the computations involved in technician reliability prediction for a 2 series task.

Example 2-2. Seda Task

Task Description

The sample task involves job factors I (Electro-cognition) and 2 (Electro-repair).
The task is performed by technician a. and both job factors must be completed for successful completion of
the task.

SMathemorkof/Expnion of the Problem

s-kr A r2a (2-7)

Applicable Formula

Pr[s] PrhrlaIPrtr2a ]  
(2-8)

Procedure Example

I. Determine the factors required to correct 1. The malfunction involves job factors Electro-
the problem cognition (1) and Electro-repalr (2) (Job

factors are identified in table 2-1.)

2. Determine the technician's performance 2. Technician a is assigned to the problem.
index ratings in the applicable job factors Applicable performance index ratings are:

EC(l) = .86 ER(2) = .90
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3. Substitute the technician's performance 3. P Is] P If I PIr
index ratings into the formula and compute
the probability that the technician can
correct the malfunction -. 774

Before concluding this discussion of the sample series case, it is important to
note that all practical calculations assume that technician actions on each job factor are independent of the
other job actions. This assumption is made because no data is available for the conditional case.

2.3 The PwaJW, Caw. If the satisfactory performance of one or the other factor (or both)
is required for the satisfactory performance of the task, then the task is called a parallel task. The satis-
factory performance of parallel tasks is expressed as:

sa r3e V re (2-9)

In this case. job factors 3 and 7 are involved and the task is performed by technician e.

When the same job factor is performed by two technicians and acceptable performance
of either technician will constitute acceptable performance for the team, the condition is expressed as,

sIwr3aV r3c (2-10)

This condition is also referred to as a parallel performance. In the vllowing formula, job factor 3 is per.
formed by technicians a and c.

Pr[S] - PrIr3aVr3c I 1- 0 - PrhaIl) P~rI3c]) (2-11)

in the independent case.

A similar case Involving three technicians is expressed as:

Let:

s rlbV rlcVr 18  (2-12)

then:

Pris] - PrlrlbVrlcVrlgJ (2-13)

U I - (I - Prirlbl)(1 - Pr(rlciDl - PrIrIgi)

in the independent cae.

Examples 2.3 and 2-4 demonstrate the computations involved in reliability prediction
for parallel tasks. In example 2.3, two job factors are performed by a single technician. In example 2.4,
two technicians work together on one job factor.
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Example 2-3 Parallel Task for Single Technician

Task Description

The sample task involves job factors I (Electro-cognition) and 2 (Electro-repair). The
task is performed by technician a, and satisfactory completion of either job factor will constitute successful
completion of the task.

tj Mathematical Expression of the Problem

s=rlaV r2a (2-14)

Applicable formula

Pr[S] = 1 - Prirla])(l - Prlra]) (2-15)

Procedures

Procedure Example

I. Determine the factors required to correct I. The malfunction involves job factors Electro-
the problem cognition (I) and Electro-repair (2) (Job

factors are identified in table 2-1.)

2. Determine the technician's performance 2. Technician a is assigned to the problem.
index ratings in the applicable job factors Applicable performance index ratings are:

EC(I) = .82 ER(2) .79

3. Substitute the technician's performance 3. Pr[S] = 1 (! - Pr[rila)(l PrlrIa])
index ratings into the formula and compute
the probability that the technician can
correct the malfunction Pr[S] = I - (1 - .82) (1 .79)

- I (.18)(.21)
- .038

= .962

Example 24. Parallel Task for Two Technicians

Task Description

The sample task involves job factor 3 (Inspection). The task is performed by techni-
cians a and b, and satisfactory performance by either technician will result in successful completion of the
task.

Mathematical Expression of the Problem

s= r3aV r3b (216)
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Applicable Formula

Prisi - I - (I - PritialI -( PrI ) (2.17)

Procedures

Procedure Ixample

I. Determine the factors required to correct I. The malfunction involves job factor 3 (In-
the problem spection) (Job factors are identified in table

2-I.)

2. Determine the technician's performance 2. Technicians a and b are assged to the
index ratings in the applicable job factors problem. Applicable performance index

ratings are: a - .82, b - .88

3. Substitute the technicians' perfWormance 3. prisl" I (i- .82)(I - .88)
index ratings into the formula and com- (.18)(. 2)
pute the probability that the technicians
can correct the malfunction I .022

.978 I

2&4 Complex Tasks The series and parallel formulas can be extended to larger numbers of
activities and performers. These formulas may be written in many forms. Some malfunctions may result in
a combination of the series and parallel formulas. Examples 2-5 and 2.6 demonstrate the computations
involved in complex tasks. In example 2-5 a complex task with series and parallel elements is performed by
one technician. In example 2.6 two technicians work on a complex task. The technicians work together on
some of the tasks and independently on others.

Example 2-5. Complex Task Performed by One Technician

Task Description

The sample task involves the following job factors:

* I (Electro-cognition)
• 2 (Electro-repair)

* 3 (Inspection)

* 4 (Elect ro-safety)

* 5 (Personnel relationships)

The task is performed by technician a and will be considered satisfactorily completed
if. and only if, either (or both) factors I and 2 are performed satisfactorily, either (or both) factors 3 and
4 are performed satisfactorily, and factor 5 is performed satisfactorily.

Mathematical Expression of the Problem

sw(rlaV r,,)A(r.1aV r4 a)A ria (2.18)
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ft~s 1 - PrIrTI)(l 0 rIF2a1)1 0 - -Prir3aj)(l -Pr'~4al) Prlrial (2.19)

{ProcedureExml
tI. Determine the factors required to correct I. The mnalfunction involves job fact ors EC(.

the problem ER, 1, ES, and PR. (Job factors are identified
in table .1-1.)

2. Detemine the teddelia performance 2. Technician a is assigned to the problem~.
index ratings in the applicable job factors Applicable performance index ratings are:

13(2(1) - .86 EiS(4) a.92
ER (2) - .90 PR (5)- .79

1(3) -. 82

3. Substitute the technician's performance 3. Pr'~l I - (1 .86)(l -. 90)1~
index ratings into the formula and compute
the probability that the technician can I .(0 . .82)(0 -.92) .79
correct the malfuanction

11 (.18)(.08) 1 .79

- l . j1 1. 0144~ .79

7RExample 24. Complex Teak Performed by Mone Then One Technician

rias Decription

The sample task involves the following job factors:

* 1 (Electrocogntlon)

0 2 (Electro-repair)

* 3 (Inspection)

* 4 (Electro-safety)

5 (Personnel relationshtips)

* 6 (Electronic circuit analysis)

* 7 (Equipment operation)

8 aUing reference materials)
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.)
The task is pertormed by technicians a and b. Technician a performs job factor I

through 4, technican b perfornm job factor S. and both tecludcians work together on job factors 6, 7, and
8. All job factors must be performed satisfactorily for suceufta completion of the task, and stisfactory
performance by either technician on a particular job factor constitutes satisfactory completion of that job
factor.

AMaewm*W Expralon of Me A'ob sm

s1u0r 11A r2aA r3A r4&A rSbA(r6aV r6b)A (r7aV r~)A(rgaV r8b) (2-20)

AWp@6h Formuds

ri M PrlrIA) Prr2a] Prr3aI Prgr4a] PrIrSbi (2-23)
1I (1 .r Nrir ) (1 -r rk6b I)

I (I • r~ral) (1 - rrrbi)

rExampl

I. Determine the factors required to correct 1. The malfunction involves job factors EC,
the problem ER, I, ES, PR, ECA, EO, and URM (Job

factors are Identified in table 2-1.)

2. Determine the performance index ratings 2. Factor Technician Rating
for the technicians assigned to the job a b

EC (1) .86 .92
ER (2) .90 .89
1 (3) .82 .88
ES (4) .92 .90
PR (5) .79 .85
ECA (6) .88 .86
EO (7) .91 .93
URM (8) .95 .94

3. Substitute the technicians' performance 3. Pr[s] a (.86) (.90) (.82) (.92) (.85)
index ratings into the formula and compute
the probability that the technicians can I .(!..88) (1 -.86) ..
correct the malfunction I 1-(,-.91)(..93)

I -(I .9S)(1 .94) F
(.86) (.90) (.82) (.92) (.8S)

I .(. 2)(.14)1 i ,.(.09)(.074
,. (.05) (.06)
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I =(.86) (.90) (.82) (.92) (.85)

(I -.0o168) (1 -.0063) (1i.0oo3)

= (.86) (.90) (.82) (.92) (.85)
(.983) (."94) (.997)
.484

i, 2.$Summary

The probability compounding technique is summarized as follows:

0 Multidimeriona Scefing-Perform a multidimensional scaling analysis of the
i equipment or system to be maintained. Determine all of the job factors involved

in all phases of corrective.maintenance.

* Personnel Evaluation-Evaluate each maintenance technician in all of the identi-
fled job factors and develop a set of performance index ratings based on the
formula:

Z UE (2-1)ZUE+ ZuI

NOTE: Performance index ratings must be recomputed periodically to
to compensate for learning that takes place during repeated per.
formances of the job factors.

0 0 Problem Anaysis-Analyze the malfunction to determine the job factors involved.

S Peronnel Aulgnment-Select the maintenance technician or technicians to
perform the task, and decide how they will be assigned to the task (number of
technicians on each job factor, etc.).

* Development of Probability Compounding Formula-Identify the relationships
between the factors involved in the task, mathematically state the requirements
for satisfactory completion of the task(s), and develop the formula for computingthe probability of successful task completion (PrS.

2-13
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3.0 DIGITAL SIMULATION MODEL (ONE AND TWO MAN MODEL)

3.1 Introduction

The Siegel-Wolf one and two man simulation model, developed at Applied Psychologi-
cal Services, permits the simulation of maintenance or operator tasks for the purpose of predicting task com-
pletion time and the probability of successful completion. The model is capable of simulating distributions
for one, either one of two, and two maintenance technicians or operators working together. In addition to
this data, the model also provides answers to other questions such as:

0 Can an average operator be expected to successfully complete all actions required
in the performance of a task within a time limit for a given operator procedure

J and a given machine design? -

* How does success probability change for slower or faster operators and longer or
shorter periods of allotted time?

* How great a stress is placed on the operator during his performance and in which
portions of the task is he overloaded or underloaded?

* What is the frequency distribution of operator failures as a function of various

stress tolerances and operator speeds?

* What operator proficiency is required for the system?

* How much time does one operator spend waiting for the other operator?

* What is the optimum team composition?

0 How frequently is each subtask failed?

0 How cohesive is the team?

0 What is the expected time for task completion, considering an "average" opera-
tor? A "fast" operator? A "slow" operator? Various operator combinations?

* How can the equipment design be modified to yield improved performance?

The model may be used to predict either operator or maintenance technician per-
formance by simply identifying the personnel as operators or technicians and the tasks as operator tasks or
maintenance tasks.

3.1.1 Simulation Program. The simulation model is programmed in FORTRAN. The pro-
gram is 2972 steps long, requires 100 bytes of core, and typical problems (typically, consisting of approxi-
mately 75 subtasks and 100 iterations) are executed in 18 seconds of central processor time.

3. .2 Model Operation. Figure 3-1 summarizes the procedures for using the model and
shows the outputs that are available. The model simulates the acts and behaviors of a maintenance techni-
clan (or operator) during the performance of a malfunction correction (or operator task performance).
As the computer simulates the performance of the tasks required for correction of the malfunction, results
are recorded indicating the areas of technician overload, failure to complete subtakb, idle time, peak stress,
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etc. For the purpose of predicting technician reliabillty, the prime concern is estimating the time it takes to
complete the malfunction correction. The model records the time to complete each act. or subtask in the
sequence of malfunction correction subtauks; the cumulative time for the completion of all required sub-
tasks; and the total time involved in the malfunction correction. The model is designed to predict operator
task performance or malfunction correction time on tasks requiring one and two operators or technicians,
as described in the folowing paragraphs.

PUCED SMULATION LM"rM

UINAL

I0UTPUT oI~ t

TOTAL Tin|

DISTR~IUTION

i- H~o, C..,1!IIIIM ATIAL4 OTTI

Figure 3-1. Flow Chart of Digital Simulation Model Operation

Note: All Output options may be exercised in the awe simulation. They ae not mutually exclusive.

3.2 Simultion Proeedure (Maintemane Technicians)

The one and two man model Is used to simulate malfunction correction tasks that do
not require more than two maintenance technicians. The simulated tasks may be performed by one tech-
nician at a time, or by two technicians working together. The procedure for using this model to predict
maintenance technician reliability is summarized as follows:

0 Perform a task analysis to identify the subtasks involved in the correction of the
malfunction, and prepare a sequentially numbered list of subtasks; identify the
subtaska performed by each technician separately or jointly

4 Prepare an input data sheet providing information about each subtask as required
for the model

* Prepare a punched card for each subtask and a separate card punched to indicate
the number of subtask cards prepared

" Prepare a general run information card and parameter input data cards as required

" Assmble the card deck and run the model

3.2



0 Graphically summarize the data by malfunction and across malfunctions (the
malfunction summaries show the estimated time to correct a particular type of
malfunction; the across malfunction data summary shows the estimated time to
repair for the system)

1.2.1 Task Analysis. A sequential list of the subtasks involved in the correction of a particu-
lar malfunction is required for the computer simulation. The list may be prepared from an available task
analysis or by consultation with individuals familiar with the steps required to correct the malfunction.
When a complete list of subtasks is not available, an in-depth task analysis must be performed to determidne
all of the steps required to correct the malfunction. The subtasks are then listed sequentially and al inter-
relationships noted. A sample of a subtask list is presented in table 3-1.

If. Table 3- 1. Sample List of Subrasks

Task: Repair Filter on AN/URC-35

Subtask Description Subtask Description
Number Number

I. Open drawer (AM-3007) 29. Remove old capacitor
4 2. Defeat interlock switch 30. Remove old choke

3. Key handset to check power 31. Install new capacitor
4. Check power meter 32. Install new choke
5. Adjust APC on module and 33. Solder wires on new capacitor

check meter 34. Solder wires on new choke
6. Turn off power at set 35. Check choke with ohmmeter
7. Test pin 2 with ohmmeter 36. Read ohmmeter
8. Read ohmmeter 37. Check capacitor with ohmmeter
9. Manual lookup 38. Read ohmmeter

10. Test pin with ohmmeter 39. Repair successful?
11. Read ohmmeter 40. Repair unsuccessful?
12. Remove cable IA2J21 on 618 41. Walk to bulkhead and back
13. Manual lookup 42. Turn on power at bulkhead
14. Test pin with ohmmeter 43. Turn on power at set
15. Read ohmmeter 44. Turn Tune-Operate SW to tune
16. Remove filter box 45. Read meter
17. Test for open coil with ohmmeter 46. Remove screws from AM-3007
18. Read ohmmeter 47. Pull AM-3007 out to lock position
19. Fill out requisition form for parts 48. Adjust APC Adjust on module

C39 and LIO 49. Replace plugs and screws on filter
20. Walk to bulkhead and back box cover
21. Turn off power at bulkhead 50. Lock chassis
22. Pull out chassis from 618 51. Push in chassis

cabinet 52. Untilt chassis
23. Tilt cabinet upward 53. Replace chassis
24. Unlock chassis 54. Replace filter box
25. Remove chassis 55. Replace cable 1A2J21
26. Remove plugs and screws from 56. Close drawer (AM-3007)

filter box cover 57. Replace screws in AM-3007
27. Unsolder wires from capacitor 61. Decision
28. Unsolder wires from choke 62. Fill out failure report
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122 Input Dat Sheet Preparaton. After completion of the task analysis and preparation of
the list of subtasks, enter the subtasks on the input data sheet, and fill in the required input data in the
appropriate columns. A sample input data sheet is shown in figure 3.2. Table 3-2 provides a step-by-step
explanation of the data required in each column of the Input data sheet.

Table 3.2. Input Dat Sheet Preparation

Variable Required Input Data

Task Type Enter D for a decision subtask. The model will simulate a choice or decision
Essential made by the technician. The probabilities of the next task (i.e., success or failure)

are not affected by operator factors (i.e., stress) for decision tasks.

Nonessential Enter N for all subtasks that are not essential to the successful completion of the
malfunction correction. This Information allows the computer to ignore non-
essential subtasks during very urgent conditions.

Precedence Task Any subtask which must be completed by a second technician before this

subtask is attempted by this technician.

Precedence Time Time before which this subtask cannot be started.

Next Success Identifies the number of the subtask that the technician is to perform next if he
succeeds on the current subtask. If the current subtask is successfully completed,
the technician will proceed to the next specified subtask. All subtasks thus can
cause program branching.

Next Fail Identifies the number of the task that the technician is to perform next if he
fals the current subtask. In the example, subtask I follows subtask 39 if the
technician was unsuccessful In repairing the malfunction. Thus, all the trouble.
shooting subtaska (I through 18) will be repeated. In the decision subtask 40,
the technician decides if he was partially unsuccessful with the repair. If so, he
will loop to subtask 19 and redo all the repair acts (subtasks 19 through 40).

Average Time The average time, in seconds, required by the technician performing this subtask.
There are several sources for such information.* If the average time required is
not provided in the literature, then referrals to knowledgeable people and/or
timing technicians as they perform the behaviors over several occasions (and
averaging the values) will provide the required data. There are no time entries
for decision subtasks.

Time Deviation The average standard deviation taken around the 1ij for the average operator.
These data are also taken from standard sources.

Success Probability The probability that the task will be performed successfully and, therefore, that
the "Next Success" task will be performed next.
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iiTable 3.2. Input Date t Prepaction (Continued)

Variable Required Input Data

Time Remaining The time required to perform all remaining essential subtasks (including the
-Essential current one) at average execution times, assuming no failures. Calculate TE

by starting with the last subtask. Enter its c in the TEcolunn. Continue up the
nsubtask list until the first one is reached by adding the ti for each subtadk to

the Tb for the preceding subtask. Notice that in figure -2 the Tit recorded
: ~alongside a decision subtask is the same as the Tlj for the immediately following

subtask,

Time Remaining The time required to perform all remaining nonessential subtasks (including
-Nonessential the current one) at average execution times, assuming no failures Calculate

these ralues by entering the i, alongside the last nonessential subtask, continue
entering this value until the next preceding nonessential subtask is reached, add

e reits ti  to the value that is being repeated, and continue until the irn t subtask is
n reac ured.

* Munger, S J,, Smith, R.W,, & Payne. D, "An index of electronic equipment operability: Data store." Pitts-

burgh: American Institute for Research, 1962.

p c2.3 Calculation of EssnTial and NoneastiAl Time Reaminin m In order to complete the
required entries for the subtask data card, card type 3, Tow and T (the time re3. ainlin for completion of
essential and nonessential subtask elements) must be calculated by hand. The symbol Ti denotes the length
of time in seconds the technician "j' expects to use to complete the remaining essential subtask elements

in a mission. TN denotes the length of time in seconds the technician expects to use for completion of
the remaining nonessential subtak elements in the mission. This time includes the current subtask element
in each case. The two values are calculated independently. The procedure for calculating T~ and Tare
pfresented in the following paragraphs.

.12.3,1 T ime ine Drawin Except for very simple tasks, a time line drawing should be pre-
prdto facilitate the calculation of the T5t and T(l' values, A hypothetical sample mssion is presented in

table 3-3, and its corresponding time line drawing ia shown in figure 3-3, Table 3-3 includes only those
data elmnsrqie odetermineTi nT vle.Tefloigoesndonntnsppyote

time line drawing shown in figutre 3-3.,. ,

: •~ Times used are average subtaik execution times('j,

S No random effects are considered.

* The top line in the drawing applies to technician I, the lower line to technician 2.
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TASK NMBERE 2

hinDEm OF RUNS 2 NMER OF ITERATIONS 100

TASK DATA FOR OPEATOR
TASK TASK NON PRECEDENCE N T-TASK AVERAGE TIME PRO. TIME REMAINING SPEC. uH TASK

NO TYPE ESS TASK TINE SUC FAIL TINE DEV Sic ESS NON-ESS CODE OPI OP2 JAG.

1 -0 .0.00 2 1 1".460 34. .8 O 2109.490 300.000 -0 -0 -0 -0
2 -0 -0.00 3 2 3.860 1.120 .980 1911.020 300.000 -0 -0 -0 4
3 -0 -0.00 4 3 23.650 1.900 .O 1907160 300.000 -0 -0 -0 7
4 -0 -0.00 5 4 1.560 .520 .990 1883.510 300.000 -0 -0 -0 7
5 -O -0.00 6 5 17.600 3.330 .890 181.950 300.000 -0 -0 -0 1
6 -0 -0.00 7 6 2.330 .650 .990 1864.150 300.000 -0 -O -0 7
7 -0 -0.00 8 7 8.120 2.220 .990 1861.820 300.000 -O -0 -0 6
a -0 -0.00 9 8 1.20 .400 .9M0 1863.700 300.000 -0 -0 -0 7
9 -0 -0.00 10 9 180.000 60.000 .SO0 1852.50 300.000 -0 -0 -0 8

10 -0 -0.00 11 10 8.120 2.220 .990 1672.500 300.000 -0 -0 -0 6
11 -0 -0.00 12 11 1.200 .. 400 .990 1664.380 300.000 -0 -0 -0 7
12 -0 -0.00 13 12 12.960 4.320 .990 1663.180 300.00 -0 -0 -0 -0
13 -0 -0.00 14 13 180.000 .60 .500 1650.220 300.000 -0 -0 -0 8
14 -0 -0.00 15 14 8.120 2.220 .990 1470.220 300.000 -0 -0 -0 6
15 -0 -0.00 16 15 1.200 .400 .990 1462.100 300.000 -0 -0 -0 7
16 -0 -0.00 17 16 55.120 20.080 .990 1460.900 300.000 -0 -0 -0 -0
17 -0 -0.00 18 17 8.120 2.220 .990 1405.780 300.000 -0 -0 -0 6
18 -0 -0.00 so 18 1.200 .400 .990 1397.660 300.000 -0 -0 -0 7
19 N -0 -0.00 20 19 LSO.000 SO.00 .990 1396.460 300.000 -0 -0 -0 8
20 -0 -0.00 21 20 28.000 5.820 .980 1396.460 150.000 -0 -0 -0 -0
21 -0 -0.00 22 21 2.330 .650 .990 1368.460 IS0.000 -0 -0 -0 7
22 -0 -0.00 23 22 S.000 1.000 .960 1366.130 150.000 -0 -0 -0 -0
23 -0 -0.00 24 23 1.100 .330 .990 1361.130 150.000 -0 -0 -0 -0
24 -0 -0.00 2S 24 193.440 34.820 .860 1360.030 150.000 -0 -0 -0 -0
25 -0 -0.00 26 25 34. 70 1.810 .790 1166.570 150.000 -0 -0 -0 -0
26 -0 -0.00 27 26 166.360 34.760 .980 1131.780 ISO.000 -0 -0 -0 -0
27 -0 -0.00 28 27 16.930 I.S20 .80 966.420 150.000 -0 -0 -0 2
28 -0 -0.00 29 28 16.930 1.520 .890 949.490 150.000 -0 -0 -0 2
29 -0 -0.00 30 29 4.660 .920 .980 932.560 150.000 -0 -0 -0 2
30 -0 -0.00 31 30 4.640 .920 .960 927.900 150.000 -0 -0 -0 2
31 -0 -0.00 32 31 8.510 1.120 .970 923.240 150.000 -0 -0 -0 2
32 -0 -0.00 33 32 8.510 1.120 .970 914.730 ISO.000 -0 -0 -0 2
33 -0 -0.00 34 33 16.930 1.S20 .890 906.220 150.000 -0 -0 -0 2
34 -0 -0.00 35 34 16.930 1.520 .890 889.290 150.000 -0 -0 -0 2
35 -0 -0.00 36 35 8.120 2.220 .990 872.360 150.000 -0 -0 -3 6
36 -0 -0.00 37 36 1.200 .400 .990 864.240 150.000 -0 -0 -0 7
37 -0 -0.00 38 37 6.120 2.220 .990 863.040 10.000 -0 -0 -0 6
38 -0 -0.00 39 38 1.200 .400 .990 854.920 150.000 -0 -0 -0 7
39 0 -0 -0.00 40 1 -0.000 -0.000 .950 853.720 150.000 -0 -0 -0 -0
40 0 -0 -0.00 41 19 -0.000 -0.000 .950 853.720 150.000 -0 -0 -0 -0
41 -0 -0.00 42 41 28.000 5.820 .980 853.720 1SO.000 -0 -0 -0 -0
42 -0 -0. 0 43 42 2.330 .650 .990 82.720 150.000 -0 -0 -0 7
43 -0 .0.00 44 43 2.330 .680 .990 23.390 150.000 -0 -0 -0 1
44 -0 -0.00 46 44 2.710 1.060 .970 821.060 150.000 -0 -0 -0 7
45 -0 -0.00 4 45 1.200 .400 .990 818.350 150.000 -0 -0 -0 7
46 -0 -0.00 47 46 16.340 34.780 .890 817.150 130.000 -0 -0 -0 -0
47 -0 -0.00 49 47 5.000 1.000 .260 651.790 150.000 -0 .0 -0 -0
48 -0 -0.00 49 48 17.800 3.330 .690 646.790 M 50.000 -0 -0 -0 7
49 -0 -0.00 50 49 165.360 34. 780 .960 628.990 150.000 -0 -0 -0 -0
so -0 -0.00 S1 SO 193.440 3.820 .680 463.630 150.000 -0 -0 -0 -0
51 -0 -0.00 S2 S1 5.000 1.000 .S90 210.170 ISO.000 -0 -0 -0 -0
52 -0 -0.00 53 52 1.100 .330 .M Z65.170 ISO.O00 -0 -0 -0 -0
S3 -0 -0.00 54 S3 2S.630 1,570 .810 264.079 150.000 -0 -0 -0 -0
54 -0 -0.00 SS 54 S5.120 20.060 .990 238.440 150.000 -0 -0 -0 -0
56 -0 -0.00 56 SS 12.860 4.320 .990 83.320 150.000 -0 -0 -0 -0
56 -0 -0.00 57 SO S.0O0 1.000 .960 170.860 150.000 -0 -0 -0 -0
57 -0 -0.00 S6 57 -0.000 4.751 .960 165.190 150.000 -0 -0 -0 -0
SO 0 -0 -0.00 59 58 -0.000 -0.000 .800 1.000 150.000 -0 -0 -0 -0
"9 0 -0 -0.00 60 59 -0.000 -0.000 .80 0.000 150.000 -0 -0 -0 -0
6o 0 -0 -0.00 61 60 -0.000 -0.000 .bo 0.000 150.000 -0 -0 -0 -0
61 0 -0 -0.00 62 61 -0.000 -0.000 .950 O.000 150.000 -0 .0 -0 -0
of N -0 -0.00 -0 62 150.000 50.000 .9m 0.000 150.000 -0 -0 -0 -0

Filure 32 Sample Input Dae Sheet
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0 This drawing is not to scale in time, but zero time starts at the left and when
the two technicians are at the sme point in time, A vertical line shows this
synchronization and an encircled number shows the time, in seconds, at that
point. It may be desirable to prepare the time line drawing to scale if the draw.
iag is to be used for presentation or other study purposes, but is not required for
calculation of TEand Tl values.

* A double horizontal line for a technician Indicates that the technician is waiting
for another technician due to a specified dj value.

0 The shaded semicircle, between tasks 2 and 3 for technician 2, indicates that
technician I cannot begn his task 4 until technician 2 completes task 2. There
is no waiting required because technician 2 will normally finish task 2 before
technician I starts task 4.

* The average duration of 1 waits must now be calculated. They are shown
above the double horizontal lines in parentheses. The first (left most) value is
the sum of technician I's tasks I and 2 (8.6). The next wait is the length of
task I for technician 2 (5.0), the third was determined to be the difference
between completion of task 5 by technician I and completion of task 3 by
technician 2 -25.7- (13.6 + 2.0 + 4.2) 5.9.

3 6 17

OPRAO 1 L........., (10 4 'L

OPERATOR I

. TIME (NEED NOT BE TO SCALE)
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Table 3-3, Sample Hypothetical Tak

Operator

Ii

1 0 6.5 Yes 2.1 31.8
2 0 2.1 Yes 2.1 25.3
3 1 3.8 Yes 2.1 18.2
4 2 6.2 Yes 2.1 14.4
5 2 2.1 No 2.1 8.2
6 2 8.2 Yes 0 8.2

2 1 2 5.0 Yes 4.2 18.9
2 2 2.0 Yes 4.2 13.9
3 2 4.2 No 4.2 11.9
4 5 6.0 Yes 0 6.0

1212 Calcation Me'iw The general rule for calculating Ti and TN is as follows:

Start at the end of the mission and add I. values successively, taking waiting times and essentiality into
account. With no waiting time, the calculatin for essential tasks is:

E3.E

For nonessential ta*s with no waiting time, the calculation is:

Table 3.4 presents a running account of TEand TN calculations for the sample task presented in table 3-3
and figure 3-3.

Checks: Sum of execution times for operator 1 28.9
Wait for operator I 5.0

Total 33.9
TE TNfor operator 1 33.9
Average completion time for operator 1 33.9

Sum of execution times for operator 2 17.2
Wait for operator 2 14.5

Total 31.7
TE+ T + initial wait for operator 2 31.7
Average completion time for operator 2 31.7

In the event of a decision (branch), the 7 values should be calculated for all tasks
following the branch first; then these times are multiplied by th probabilities for the respective branches
and the products are aded. This yields a single value to which the next earlier can be added to deter.
mine the TE for the task preceding the branch. TNis treated sdimlary
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Values of E and are used in the method only for calculating stress. Since these
values are cumulative, a calculational error results in TE values which are incorrect thereafter. Accordingly.
double checks during the process are justified. For long tasks. in which TF, values for early tasks are large.

an error would result in only a smadl error in stress. For example, if the time allotted were 50 minutes
(3000.0 seconds) and thevalue of TE for the first task was 2400.0, the stress would be 1.25 at the begin.
ning of the mission(3000/2400). If,ty error, Ti was calculated to be 2410, the stress would be 1.245, an
error of 0.005. resulting in little effect on execution times.

To"l 3-4 I and YNCalculations for Sample Task

Technician Task TE TN Comments

1 6 8.2 0 Last essential subtask for technician I -TL is thesameas [ii

2 4 6.0 0 Last essential subtask for technician 2 T is the same as- "- ijij
1 5 8.2 2.1 Nonessential subtask Tiunchanged from subtask 6

4 14.4 2.1 Essental subtask-T 8.2 + 6.2-Tij unchanged

1 3 18.2 2.1 Essential subtask-T 14.4 + 3.8--TNunchanged

2 3 11.9 4.2 Nonessential subtask during an essential waiting period of

5.9 seconds-T E = 6.0 + S.9

2 2 13.9 4.2 Essential subtask-T - 11.9 + 2.0-TNunchanged

2 I 18.9 4.2 Essential subtask-T - 13.9 + S.0-T unchanged

1 2 25.3 2.1 ,Essential subtask including a waiting period--Ti = 18.2 +

2.1 + .0-T1i unchanged11 31,8 21 Esntial subta.s -T -25.3+ 6.-TN unchanged

12.4 Punhed Card Prdpwation. Six types of punched cards are used in the computer
simulation. These cards are designatud Types 0 through 5, as shown in figure 3-4. Instructions for the prep-
aration of cards I through 4 are presented in the following paragraphs.

.124. Information Carls The task and parameter inputs are preceded by information
inputs that supply data on the general conditions of the run. The information cards are as follows:

, Card Type I -General information card provides run instruction codes

0 Card Type 2 Number of Subtaks Card

Card punch instructions for the information cards are presented in table 3-5.
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CARD CARD
TYPE NAME

BLANK

4 PARAMETER INPUT DATA

ONE PAIN OF CARDS FOR
EACH RUN DESIRED

* PARAMETER INPUT DATA

3MISION INPUT DATA
TAK ELEMENT CARDS)

NUMBER OF TASK ELEMENT

2 CARDS

III GENERAL RUN 'mFOAm~ioN

Fipir.3A4 Card Deck LeyWout
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Table 3-5. Preparation of Information Cards, Typos I and 2 (Format 15)

Card Type and

Symbolic FORTRAN Coluns Contents Remarks
Name.

Card Type 1: General information card

NUMTRL 1- 5 Run number Run identifier
NUMRUN 6-10 Number of runs
NUMIT 11-15 Number of iterations Per run (Symbol "N")
IND 1 16-20 Random number count Number of times random number

generator subroutine is called
before run starts

IND 2 21-25 Type of output for first 0 run summary etc.
ICHG iterations (ICHG
defined below)

IND 3 26-30 Subtracted from IND 2 after
ICHG iterations

IND4 31-35 Unit of time value M I
IND 5 36.40 0 a hours

I = seconds
2 - minutes

ICIIG 4-45 Number of iterations before
C Techanging type of output

: : Card Type 2:

NINPC 1-5 Total number of mission input data (subtask) cards included in
the run and the sum of the last task numbers for both operators

3.2.4.2 Subtak Input Data Card, Using the input data sheet, prepare a subtask input data
card (card Type 3) for each subtask listed. A limit of 300 subtasks for each technician has been established
for the simulation model; do not exceed this limit. The content and format of the subtask input card is
outlined in table 3-6. Table 3-7 provides an explanation of the data items included on the subtask input
data card.

3.24.3 Pernmew Input Dat Cardh Prepare one parameter input data card (card Type 4) foreach technician.

Four parameters are provided to the model on input cards in the format shown in
table 3-6. A pair of cards, one card for each technician, is supplied for each computer run desired. A run is
composed of the simulation of N task performances (iterations). The contents in table 3.S are as follows:

Stress threshold - The stress threshold is considered the technician's "breaking

point." The model's simulation is based on the psychological concept that time

stress organizes behavior up to a threshold point and disorganizes it beyond that
point. Stres is calculated as the ratio of the average time to complete the re-
maning essential subtasks to the total time remaining to the technician. A value

3-11
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J
of stress proster than unity but les than the threshold will increase the tech.
nician's speed and success probability. At the threshold, the effect of stress is
reversed, simulating disorganization and confusion of the technician.

F factor Th F factor for each technician is an Individuality indicator repre-
senting technician speed or proficiency. An average technician is given an F
factor of unity; faster and more proficient technicians have lower values; dower
and less proficient technicians have higher F values.

* Tkm. available - The total time available to complete the task is a time limit.
This value Is employed as the interim of task success.

* Perod - The period refers to the period of time applicable to cyclic subtuks. A
cyclic subtaik is initiated only at a time that is a multiple of the period, P. The
simulated technician waits, if necessary, until such time occurs.

Table 3-.Z Preparation of Subtask Input Data Cards

Data Item Description

Operation number Operator designation (I or 2)

Subtask element number Sequential task number (1 through 300)

Type of subtaak dement Type J: Joint subtask-Performed simultane-
ously by two technicians

Type E: Equipment subtask-Causes a delay due
to a factor other than technician per-formance

Type D: Decision subtask-Allows for looping,
skipping, or branching in the perform-
ance sequence I.e.: the next aubtask is
selected according to the results of the
task being performed.

Type C: Cyclic subtask-A subtask that cannot
be started until the next cycle time in
a series of eqia time periods.

Essentiality indicator Identifies optional items

Subtask element precedence Identifies the subtask element that must be com-
plated by the other member of the team before
this subtask can be started

Time precedence Indicates waiting time from the start of the mnlfanc-
tion correction process before this subtas an be
started

343
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Table 3.7. Prepartion of Subtaak Input Data Cant (Continued)

Data Item Description

Next subtask element success Indicates the next subtask to be started if this sub-
task is successfully completed

Next subtask element failure Indicates the next subtask to be started if this sub-
task is failed

Average time Average execution time for this subtask

Time deviation Average standard deviation of subtask execution
time

Probability of success From task analytic data; use extent data banks

Time remaining, essential Sum of time for remaining essential subtaks-
calculated after other inputs are prepared

Time remaining nonessential Sum of time for remaining nonessential subtasks-
calculated after inputs are prepared

Special jump subtak element type The special jump subtask type I enables both tech-
nicians to jump to an individually specified subtask
if one of the technicians ignores a given subtak. If
a subtask, so identified, Is ignored, technician j will
go to NXTJ (1, J) for his next subteak; his partner,
technician j, will go to NXTJP (I, J).
Special jump subtask type 2 provides a team deci-
sion capability to the model. If a subtask. so iden-
tified, is a success, technician j will go to NXTS
(1, T) for his next subtask. If the subtask is failed,
technician i goes to NXTJ (1. J) and his partner,
technician j', goes to NXTP (i, J). Thus, one tech-
nician can make a decision which will determine
the future sequence of subtasks for both technicians

Next subtask element for j, special Indicates next subtask if this subtask is being per-
formed as a special jump subtak

Next subtask element for j' special Indicates next subtask for the other technician in-
volved in a special jump subtask

Job activity group Identifies the task associated with this subtask
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Tabe 3-a Content and Format of Parameter Input Dat Cards
(Card Type 4)

Symbolic Card
FORTRAN Columns Format Content Symbol Remarks

Name

J I II Technician number j 1 or 2

STRM (J) 2.11 F10.0 Stress threshold Mb Mj> 1.9< 2.8

SPEED (J) 12-21 FIO.0 F factor F] F, < I: faster
F > 1: slower

TMAVA (J) 22-31 F1O.O Time available T. Time remaining
PRD (J) 3241 F1O.0 Period j Period for cyclic tasks 9

(seconds)

JOT (J) 43 11 Job technician type 0. None of the following
I. Electrician's mate

2. Electronic technician
3. Fire control technician

4. Interior communication

electrician

5. Radarman
6. Radioman
7. Sonar technician

8. Torpedoman's mate

3.3 Results of Computer Simulation

The computer simulation model produces a variety of data which is typically recorded
on magnetic tape for subsequent printout on a high speed line printer. The categories of results available are
summarized in table 3-9. The probability of successful completion of mission tasks can be obtained by
analyzing the computer printouts.

3 Iteration Summary. Figure 3-5 shows a portion of the iteration summaries for the
sample task that was presented in table 3.1. The iteration summaries contain the following data for each
simulated technician:

0 The input stress threshold

* The input speed (proficiency)

* The total input available time
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0 The difference between the available time and the actual time used

* The time spent waiting for the other technician (two technician case only)

0 Subtuk on which the peak (maximum) stress occurred and the peak stress level
reached

* The stress level of each technician at the end of the simulation

0 Team cohesiveness at the end of the simulation

0 Time spent waiting for a given equipment cycle

Table 3-9. Computer Simulation Results

Title Frequency Remarks

Detail listing Every subtask Optional, I line per subtask

Iteration summary At end of each Optional, 7 lines per iteration
iteration iteration

Run summary At end of run 9 lines plus 8 frequency
distributions for each technician

.. 1.1 Malfunction Correction Time Pmdktlon, The iteration summaries provide the data
needed to predict the time it will take the technicians to correct a given malfunction. The procedure for
using the iteration summaries to predict total malfunction correction time is shown in figure 3.6 and
described as follows:

* Prepare a frequency distribution of the total time used data for each iteration

* Convert the frequency data to cumulative proportions (stated in percent)

0 Plot the cumulative percentages against time and draw a line of best fit on the
plot

* Draw a horizontal line from the line of best fit to the SO percent point on the
ordinate of the graph.

3.16
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00 ToFS %PrFF .... T I F P . pFAK STRESS FINAL LAST CYCLIC
NO 'OI AVAIL Ut'fl IF WATT TAK VALUF lTRfSS COWS "AlT

2.30qq.OO . *109,. 0.. 1 1.00 1.00 0.00 0.00

StimARY (xjTPUT Or 1YFRATION ? RUN I TRIAL A

OVER RUN TnTAL TINe UsEr I1%#24

Opp TNFS %EF" . T I 0 F I - - PrAK STR SS FINAL LAST CYCLIC

NO MOLO AVAIL uFO OfFf WAIT TASK VALUF %TRESS COWES WAIT

I 2.30 1.00 11"9.00 141%.P4 10, p 0.0 43 2.30 2.30 .30 0.00

? P.30 .40 1399.00 .7s-1390.p 0.0 I 1.00 ?.30 0.00 0.00

SIMWARY OUTpiT or TyFRATION 3 RUN I TRIAL 4

UNOER RUN TOTAL TINE USED 1345s.2'

OPP Ye0FO .. . . . y 1 - F- S -.....--- PEAK STRESS FINAL LAST CYCLIC

No WILD AVAIL USED OIrr WAIT TASK VALUE %TRESS COMES WAIT

1 ?.30 1.00 1199.00 11C,?4 -43,4 0.0 I 1.00 1.00 0.00 0.00

P 2.30 .90 13 0.00 .*S-1306. 0.0 1 1.6 1.00 0.00 0.00

StreNARY OUTPluT Of ITFOATION 4 RUN I TRIAL A

UNDER RUN TOTAL TIME USrfI 1277.09

OPWlR TRaEs %PrF- -... .. T I -- - - FAr STPFSS FINAL LAST CYCLIC
NO MOL AVAIL Uq5r0 01iF WAIT TASK VALUE STrSS COES WAIT

2.30 1.06 3199.00 1 7TTO -110 00 ! 1.00 1.00 0.00 fl.00

P 2.30 .90 19o.00 .?S.I3O4.P 0.0 1.00 1.00 0.00 0.00

SUMMARY OUTPUT OF ITFERATION t RUN I TRIAL A
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po* T,FS SPE ----....- T I S. .......- -PA STRESS FINAL LAST CiCLIC

NO MO AVAIL USED 01rr WAIT TASK VALUE STRESS COMES WAIT
NO H:0D. 0 1 2 o ,.9 1390.6 0.0 1 S.oo ?.30 .30 .-0S

2.030 1.00 1329.00 .7S-19 4.p 0.0 1 1.00 P,30 0.00 0.00

SUMMARY OuTePtT or ITFRTTO4 6 RUN I TRIAL A

OVER RUN TOTAL TIME USED 2*89.o9

R* lTR. %PEF----..-T - F - ----------- - PA STRFSS FINAL LAST CYCLIC

NO HOLD AVAIL USED 01FF AIT TASK VALUE STRESS CONES WAIT

1 2.30 t.00 199.0 3409.400 P64106 4 I Soo 2.30 .30 6.00

2 2.30 .90 129006 TS-12! .v 0.g 1 1.00 P.30 0.00 0.00

SUMMARY OUTP11T or ITrEATIOM 7 mm I TRIAL A

UNE P TAL TIME USED I1,O.5

Op Tw*S 9 to - . .- - -- t- - .....- PEAK STRESS FINAL LAST CYCLIC

he t .AlAIL usn 0rr VIiT TASK VALUt STRESS CONEs WAIT
1 &.39 1, 0 1300I.66O 1 136,9%5 -6pa too0 1 104 1.el 0.00 9~00O

f? 2.30 90 191.00 ?%IR1 v 0.0 I 1.00 1.00 0.00 0.00

SU14NARY OUTPUT OF ITERATION a RUN I TRIAL 4

twP..ll ITA M E USED MOO0.RS

F.iee Swwt of Iwaton Smrlws
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Figure 3-6. Prodictd Malfunction Correction Time

The plot shown in figure 3-6 shows separate data for technicians I and 2. The data shows that technician I
is a "fast" (F a 0.9) technician, and technician 2 is a "slow" (F a 1.1) technician. The predictions obtained
from figure 3-6 are:

* Fifty percent of the malfunction corrections performed by technician 1 will be
performed in 2280 seconds or lea.

* Fifty percent of the malfunctions performed by technician 2 will be performed
in 2330 sonds or less.

0 The range of malfunction correction times for technician I will be from 1925 to
2425 seconds.

0 The range of malfunction correction times for technician 2 will be from 2145 to
2425 seconds.

13.2 Run Summary. Figure 3-7 shows a run summary for the sample task. The run summary
contains the following data:

a Run number (1)

a Total number of iterations performed (100)

* Number of successful iterations (41)

* Percent successful iterations (41.0)
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S Time available, Tj(2409.00)

• The following data are listed for each operator or technician (the results of
operator I are presented In this cae since the malfunction correction is a uni-
technician function):

- Operator number (1)

- Stress threshold, Mj (2.30)

- Speed factor, Fj (1.00)

- Time available, Tj (2409.00)

- Average time used over N iterations (3565.33)

- Average time overrun, i.e., time used-time available (1156.33)

- Average waiting time (0.00)

- Average peak stress (2.88)

- Average final stress (1.77)

- Average cyclic waiting time (0.00)

The following frequency distributions are displayed and values presented for
each subtask and for each operator technician.

- Subtask number

- A count for the number of times that subtask was the last one completed
before finishing the iteration or running out of time. The last subtask, 62,was the last subtask completed 41 times.

- A count of the number of times a subtask was failed

- A count of the number of times a subtask was ignored

- The time spent in repeating subtasks that were failed

- A count of the number of times the peak stress occurred on each subtask

- The average time, from the beginning of the malfunction correction, that
the subtask was completed

- The average stress prior to beginning each subtask

- Average cohesiveness value on each subtask

3-19
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The data provided by the run summary may be employed as a basis for pining insight i
into ama for redesign so as to decrease maintenance tin. For example, subtasks involving large times may
be considered for redesign or for training emphasis. Similarly, subtask yielding high failure frequencies may
be considered for special treatment. If the malfunction correction method is revised, the revision may be
analyzed through the computer simulation method to indicate the extent of the reduction in estimated mal-
function correction time brought about by the revision.

3.4 Summary of Use of Computer Simulation Technique

The steps involved in applying the computer simulation method for estimating time to
repair for a given electronic system are:

9 For the system under consideration select a representative and adequate sample
of the malfunction correction situations

* For each malfunction correction in the mple, prepare a sequential list of the
I subtasks involved in malfunction correction

0 Prepare the input data for each malfunction

• Run each simulation for a minimum of 100 iterations

0 Graphically summarize the data by malfunction and across malfunctions

0 The across malfunction data summary yields the estimated time to repair for the
system

3.5 Simulation Program Data

Program data for the digital simulation one and two technician model are presented in
the appendixes. These data are identified as follows,

0 Defntions of the variables in the computer simulation program are presented in
appendix A.

* The program listing for the simulation program is presented in appendix B.

* The program flow charts are presented in appendix C.
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4.0 INTERMEDIATE SIMULATION MODEL (ISM)

4.1 lutredusthe

The ISM. also developed at Applied Psychological Services, provides digital simulation
of task performance involvif 4 to 20 performers and permits the calculation of Human Reliability (HR),
Equipment Reiability (ER) and System Reliability (SR) factors. Human Availability (HA), Equipment
Availability (EA), System Availability (SA), Human Mean Time to Repair (HMITTR), Equipment Mean
Time to Repair (EMTR), and System Mean Time to Repair (SMTTR).

The ISM predicts the time required to complete the simulated task and is capable of
predicting the effect of changes in a given variable on HR, ER, or SR. Using inputs for a specific equipment
or system, the ISM provides answers to such questions as:

0 What is its ER?

0 What is its HR?

0 Which components of ER contribute most to unreliability?

* Which components of HR contribute most to unreliability?

k What changes in equipment will lead to an increase in ER?

A What personnel changes will increase HR?

fli What behavioral variables contribute most to HR?

* What part does ER and HR, respectively, contribute to SR?

S What system design changes will best contribute to an increase in reliability?

How does crew proficiency affect HR? SR?

do What are the effects of such items as motion sickness, fatigue, morale, level of
aspiration, etc., on HR? on SR?

4.. 1 Advantages of the ISM. The advantages of the ISM over the smaller (I to 2 technician)
model are listed in tables 4.1 through 4-4. _

Tab/* 4- 1. Pe~wmcl Pa&Wnetef

Characteristic Small Model Intermediate Model (ISM)

Quantity I or 2 men 3-20 men
groups
group leader

Categories/ primary/secondary specialties
type 10 personnel specialties and

cross training
command echelon

4-1
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Table 4-. PewmWnel Parwnetes (Continued)

Characteristic Small Model Intermediate Model tISM)

Goals goal aspiration aspiration
leaders expectation
performance adequacy

Physical physical workload
Attributes motion sickness

hizard (safety index)
sleep
physical incapability (sickness)
physical workload

Performance stress and stress competence
Attributes thresholds fatigue

cohesiveness pace
individuality (speed) stress and stress threshold

factor mental load
unmanned station hours

Table 4-2 Mision Parameters

Characteristic Small Model Intermediate Model (ISM)

Composition 1-300 tasks 200 events per day of 30 types

Duration minutes-hours hours to 30 days
mission time limit shifts

Environment sea state

Elements essentiality essentiality
(tasks) types (joint, types (scheduled, emergency,

equipment, decision, repair)
cyclic)

precedence (task and precedence (task and time)
time)

execution time performance time
success/failure fixed and variable event times

determination
waiting, idling mixed and variable event times
success probability touch up or repeat
time remaining completion time limit
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Table 4-3. Equipment Parameters

Characteristic Small Model Intermediate Model

Quantity 30 types

Capability equipment tasks failure and generation of re-
pairs

operator initiated failures

Performance/ failure rates
Status up time

down time
performance level
consumables levels

Table 4-4. Output Measurements

Characteristic Small Model Intermediate Model

Mission Effec- mission success system reliabilit) level
tiveness probability

performance system performance level

repetitions equipment performance efti-
peak stress tasks ciency
mission duration system global effectiveness level

consumables balances
equipment and human MTBF &

MTTR

Time Utilization tasks failed, ignored
average time used success, idle, sleep. repair
waiting time no. of events, success, fail,
average time overrun ignore, primary, secondary
peak and average stress
number of tasks and las' task

completed

Personnel goal aspiration performance adequacy
performance physical and mental load
average cohesiveness health and safety indices

performance

Report Frequency task. mission, iteration, and run event, day. mission iteration,
summary and run summary

4. 1.2 Flow Logic Sequencing. Figure 4-1 provides a summary of the flow logic sequencing
for the model. The detailed logical flow diagram of the model is presented in appendix C. Figure 4-1 is
compatible with the detailed flow chart presented in appendix C. Key points in the model are identified
by circled lowercase letters in figure 4-1 and in the flow diagram in appendix C; the point identified by a
particular letter in figure 4-1 is identical to the point identified by the same letter in appendix C.
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Table 44& Input Date (Continued)

FORTRAN Description Range Average Remarks

CALRY Number of calories required by
average crewman per day 2000-3500 2750

CN Catnap length .1 to 2 .3
DTE Duration time of emergencies 0-24 Time in hours
DTR Duration time of repairs 0-24 Time in hours
EDCV Data change value 0-10
EMREVT Emergency event data set
EQREVT Repair event data set
ICLASS Class 1-20
IDES Description array
IDS Number of duty shifts
IEC Expected energy consumption 0-1000 250 Calories per hour
IECE Expected energy consumption for 1001000 250 Calories per hour

emergency
IEDC Data change variable 0-10 --

IEFN Family number 1-20
lESS Essentiality 10.100
lESS Emergency essentiality 0-100
lET Essentiality threshold 0-99 70
IETYP Event type number 0-20
IFOI Event number in family 0-200
IH Event hazard class 1-9
IHE Event hazard class (emergency) 1-5
IND Printout option indicator array 0 or I ,
INT Event code I or 2
IPE Prerequisite event 0-200
IQR Equipment list 1-10
IRC Consumable rate of expenditure 0.9999

units/hours)
IRCI Consumable rate of expenditure

(units) 0-9999
IRCEI Consumable rate of expenditure

(units)-emergencles 0-9999
IRE Number of repair events 0-200
KI Physical capacitation fraction 0-1.0 .75
K7 Derating constant .5-1.0 .9
KE Event end type I of
KON Initial level of consumables

(units/hours)
KON I Initial level of consumables (units) 0.9999
KONT Threshold consumables

(units/hours) 0-9999
KONTI Threshold consumables (units) 0-9999
LODM Mental load t-9
LODME Mental load for emergency 1.9
MAXSL Maximum sleep 4.12 8
MEN Crew composition array 0-10
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TahNe 4-5. Input Data (Continued)
i FORTRAN ImAer Remarks

FORTRANDescription Range AverageRmrk

MPI Average number of man days per
incidence of physical
incapacitation 0120 30

N Number of iterations 1-999 20
ND Number of days 1-100
NDBE Number of days between emergencies 0-1000
NDMAX Maximum number of days 1-30 S
NDS Duty shift
NIF Number of family IL 1-10
NIQR Equipment used array 1-10
NOSE Number of scheduled events 1-200
NREQ Number of men required by type 0-10
NREQE Number of men required by type

for emergency
NX Next event number for each

alternative 1.200
PID Average duration of physical

incapacity 0-30 3 Time in days
PPFQ Percent fully qualified in primary

specialty 0-100 25
PPMQ Percent moderately qualified in

primary specialty 0-100 50
PPUQ Percent unqualified in primary

4 specialty 0.100 25
PRB Probability of each alternative path 0.1.0
PTT Cros training probability table 0-1.0
PWRRT Average short term power output 200500 350 Calories expended
RELH Equipment reliability 0.1000 Time in days
RELI Intermittent reliability 0.1.0
RTU Repair touchup code 1.3 I
SESTA Sea state 0-9 3
SIGWT Standard deviation of body weight 0.50 1s Deviation in pounds
SLEEP Number of hours since last eight

hour sleep period 0-20 4
SPFQ Percent fully qualified in secondary

speciality 0-100 25
SPMQ Percent minimally qualified insecondary specialty 0-1I00 so

SPUQ Percent unqualified in secondary
speciality 0-100 25

ST Earliest starting time allowed 024 Time in hours
TFAT Fatigue threshold .10-.35 .25
TL Time limit by which event must be Time in hours

completed 024
TS Consumable threshold set identifier

(units/hours) 0.9999
TSI Consumable threshold set identifier

I (units) 0.9999
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Tab 4.& Input Data (Continued)

FORTRAN Dwc*dw Ramp Aven Remark,

TSE Threshold set for consumbles below
which event is ignored (units/hours) 0.9999

TSEI Threshold set for consumables below
which event is ignored (units) 0-9999

TSR Threshold set for coauwnables below
which emergency Is ignored
(units/hours) 0-9999

TSRI Threshold met for consumables below
which emergency is ignored (units4 0-9999

TUI Intermittent reliability 0.1000 Time in hours
WORKI Number of hours worked after which

no new work ugpnment is made 4-20 16
WORK2 Number of hours worked after which

no new work is authorized 4-16 10
WT Mean body weight 1-300 150 Weight in pounds
%PC Physical capability constant 0-100 .25

4.3 Use Of the iSM

The model is designed to simulate a complete equipment or system mission or cruise
cycle. The input data is used to simulate system operation, operator performance, equipment failure, and
the performance of maintenance technicians during repair procedures. The procedure for using this model
Is summarized as follows:

* Perform an analysis for each task involved in the complete cycle and prepare a
sequentially numbered list of subtasks for each task

0 Develop other input data as outlined in table 4.5 and fill out input data forms
provided in appendix D

0 Prepare a "number of iterations" card (format 1)

0 Prepare a Title card indicating the name of the mission being simulated (for-
mat 2)

0 Prepare a tape input/number of days card (format 3)

0 Prepare an input parameter card using information from the input data form for
card format 4

0 Prepare a personnel data card using the input data form for card format 5

0 Prepare an equipment repair data card using the input data form for card format
6
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(ID * Prepare an emergency event data card for each anticipated emergency event

using the input data forms for card format 7

0 Prepare an event type data card for each event (from task analysis) using the
input data forms for card format 8

* Prepare a scheduled event sequence data card for each scheduled event using
the input data forms for card format 9

* Assemble the card deck and run the model

4.3. Task Ana/ysi& A sequential list of the events involved in the simulated mission is

required for the computer simulation. The list may be prepared from an available task analysis or by
consultation with individuals knowledgeable in the events that occur during a mission such as the one being
simulated. When all of the events have been identified, it is very helpful to prepare a time.line diagram which
schedules the events over the duration of the mission, shown in figure 4-2. The time-line diagram must
include scheduled task performance times for each operator or technician and all idle or waiting time. Each
event is plotted on the time line, from the start of the mission, taking all relevant factors such as task
interrelationships into account.

I, ~~OPERATOR) I 50

OPERATOR 2 ( 1 2 4 
i1 .

, TIME (NEED NOT BE TO SCALE)

FIgum 4-2 rknLine OiWam
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4.3.2 Input Data Fomp& The input data forms in appendix B show the formats for preparing
input data for card punching. The nine card formats used in the model are listed in table 4-6. In the NAME.
UST format, data are punched sequentially in card columns 2 through 72 without regard for column
assignments. A comma separates each input number. Thus, all arrays must be completed with zeros. For
example, the cross training probability matrix must have 10 x 10 entries even in the case that there are
fewer than 10 types of personnel to be simulated.

If the simulation calls for more than one iteration, the input routine dumps all input
data, except for the parameters and personnel data, onto a magnetic tape. This tape is then read in the
subsequent iterations. A tape created in this fashion can be used to supply input for future simulations.

Table 4-6 Card Formats

Card Format Type of Data

I Number of iterations
2 Title
3 Taft' input and number of days
4 Pat ee
5 Pars,..,el
6 Equipment repair events
7 Emergency events
8 Event type data
9 Sequence data

4.33 Number of iteration& The "number of iterations" card (card format I) contains only
one line of data and indicates the number of iterations for the run.

4.14 Title card. The title card (card format 2) contains one line of data punched in card
columns 2 through 72 and gives the name of the mission for identification purposes.

4.3.5 Tape Input/Number of Days Card. The tape input/number of days card (card format
3) contains two lines of data. The first line is used to select tape or card input option. When the data has
been subsequently run on the model and the simulation calls for more than one iteration, the input routine
dumps all input data except parameters (format 4) and personnel data (format 5) onto a magnetic tape
which is then read in the subsequent iterations. A tape created in this fashion may be used to supply input
for future simulations by selecting the tape option (code 000 = card option, 001 = tape option). The
second line of the card inputs the number of days in the simulated mission.

4.36 Input Parameter Carc. The input parameter card (card format 4) must be punched
exactly in accordance with the format 4 input data forms, presented on six pages in appendix B. The
input data items, which are defined in table 4-5, run sequentially across the card columns with each input
data item separated by a comma, without regard for card column assignments. All arrays must be completely
filled in; if a particular item is not applicable, fill in the array with zeros. When no consumables are being
simulated, input "I" in every position in the two "initial value" arrays and input zeroes in all of the "con-
sumable threshold" arrays shown on the input data forms. The model provides for monitoring the level of
up to 10 selected consumables, which may be monitored on a unit expenditure basis, or monitored on a
rate of expenditure (units per hour) basis. For each group, a secondary input allows specification of up to
10 threshold levels for each consumable. The specified consumable threshold level causes the model to
ignore all tasks involving a particular consumable when the value of that consumable drops below the
specified threshold level (except for repairs and emergencies).
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4.3.7 Personnel Data Card. The personnel data card (card format 5) must be punched
, exactly in accordance with the two-sheet format 5 input data form shown in appendix B. The input dataitems, which are defined in table 4.5, run sequentially across the card columns with each item separated by

a comma. All ardays must be completely fiaed in. Zeroes must be used for all Items that are not applicable

to the mission belng simulated. The first data item on card 5 is average population body weight (WT). If a
specific system is being simulated in which the body weights of its personnel are known to differ from
those of the general population or the general military population, the mean weight and standard deviation
of that specific system's manning tables become the input data. For all other circumstances, the mean
weight and standard deviation may be obtained from any appropriate anthropometric tabulation (e.g.,
Damon, Stoudt, & McFarland, 1966; Webb, 1964; Hertzberg, Daniels, & Churchill, 1950). The cross-
training probability table provides the likelihood values of a man of each type having been crossstrained
in each secondary specialty. This table is a 10 x 10 array which provides for the input up to 10 primary
and 10 secondary specialties. Table 4-7 is an example of a croestraining probability matrix for 9 specialties
giving the probability of each specialist cross training into each of the other specialties. When these cross-

4training variables are printed out by the program they will have been converted to the cumulative probabil-
ity format used in the processing. If fewer than 10 specialties are being considered, fill in the remaining
spaces with zeroes.

Table 4-7 Personnel Cross-raining Data

1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 0 0.30 0.05 0 0.30 0 0 0 0.1 0 0 0 0 0 Radar/sonar

2 0.20 0 0 0 0.25 0.05 0 0 0.03 0 0 0 0 0 Electronics: technician

3 0.20 0.05 0 0 0.05 0 0 0.05 0.03 0 0 0 0 0 Nuclear reactor
technican

4 0.05 0 0 0 0 0 0.10 0 0.03 0 0 0 0 0 Steamfitter
5 0.20 0.50 0 0 0 0 0 0.10 0.03 0 0 0 0 0 Eectrcias mate

6 0.10 0.30 0 0 0.30 0 0 0 0.03 0 0 0 0 0 Gunnersmate
7 0.10 0.01 0.02 0.08 0.02 0.10 0 0 0.03 0 0 0 0 0 Boatswains mate

8 0.05 0 0 0 0 0 0 0 0.20 0 0 0 0 0 Pharmacists mate
9 0.05 0 0 0 0 0 0.05 0 0 0 0 0 0 0 Cook/baker

438 Equipment Repair Data CardL An equipment repair data card (card format 6) may
31. be prepared for each equipment repair family identified in the task analysis. Repair event families are

divided into four categories as shown in table 4-8, with eight event families in each category. Each event
family is further subdivided into subevents. The model is limited to 12 subevents per repair event family.
(Subevents under scheduled non-repair event families are unlimited in number.)

4.39 Emerpncy Event Card& An emergency event data card (card format 7) must be
prepared for each type of anticipated emergency event. The cards must be punched exactly in accordance
with the format 7 input data form presented in appendix D. The Input data items, which are defined in
table 4-5, are punched sequentially across the card columns, with each input data item separated by
commas, without regard for card column assignments. There is no limit on the number of emergencies
which may be simulated each simulated day.
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Table 4-8 Repair Event Code

Repir Events Cd
Number FORTRAN

Electronic
Uses reference manuals 6 EURM
Electronic cognition 7 EC
Electronic circuit analysis 8 ECA
Electronic repair 9 ER
Electronic equipment operation 10 EO
Electronic equipment inspection I I EIP
Electronic instruction 12 El
Electronic report 13 ERPT

Electrical
Uses reference manuals 14 ELURM
Electrical cognition 15 ELC
Electrical analysis 16 ELA
Electrical repair 17 ELR
Electrical equipment operation 18 ELO
Electrical equipment inspection 19 ELEP
Electrical instruction 20 ELI
Electrical report 21 ELRPT

Electro-mechanical
Uses reference manuals 22 EMRUM
Electro-mechanical cognition 23 EMC
Electro-mechanical analysis 24 EMA
Electro-mechanical repair 25 EMR
Electro-mechanical equipment operation 26 EMO
Electro-mechanical equipment inspection 27 EMEI
Electro-mechanical instruction 28 EMI
Electro-mechanical report 29 EMRPT

Mechanical
Uses reference manuals 30 MURM
Mechanical cognition 31 MC
Mechanical analysis 32 MA
Mechanical repair 33 MR
Mechanical equipment operation 34 MO
Mechanical equipment inspection 35 ME!
Mechanical equipment instruction 36 MI
Mechanical report 37 MRPT

4.310 Event Type Cvd. An event type data card (card format 8) must be prepared for each
type of event scheduled for the mission. Input codes are given in the input data form presented in appendix
B. Additional Information about the event type input data Items is provided in table 4-5.

4311 Scheduled Event Sequence Cad& A scheduled events title card (card format 9) must
be prepared for each iteration. The remaining scheduled events data shown on the format 9 Input data form
must be punched on a separate card for each scheduled event.
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4.11 2 Card Deck Assembly. Assemble the card deck as shown in figure 4.3. The input data
card are arranged in numerical sequence with multiple event data cards of the same type arranged accord-
ing to the time sequence in which they are to occur in the simulation.

4.4 Results of Computer Simulation

The ISM produces a variety of output data which are recorded on magnetic tape for
subsequent printout on a high speed printer. The printouts available are listed and described in table 4-9.
The model provides printouts of the input data for verification.

Table 4-9 Simulation Model Outputs

Type Type of Printout Frequency Purpose

INPUT Parameters per run Input verification
INPUT Personnel data per run Input verification
INPUT Equipment & repair events per run Input verification
INPUT Emergencies per run Input verification
INPUT Event type per run Input verification
OUTPUT Start on mission crew data per iteration Crew rating data
OUTPUT Failure/emerg. occurrences per iteration Simulated emergency data
OUTPUT Scheduled event sequence per day Sequential listing of events
OUTPUT Detail events per event
OUTPUT End of day report per day
OUTPUT End of iteration report per iteration
OUTPUT Run summary per run

Various output printouts are available to present the results of the simulation. Recording and subsequent
printout options are selected by the input data punched on card format 4. the input parameters card. The
print options are given in table 4-10.

Table 4- 10 Printout Options

Input Codes
Printout Description FORTRAN , 0

Parameter input data IND (I) Print all input data Print parameter data only
Personnel input data IND (I) Print all input data Print parameter data only
Equipment and repair event
Euinput data IND (i) Print all input data Print parameter data only
Emergency event input data IND (I) Print all input data Print parameter data only
Event type input data IND (I) Print all input data Print parameter data only

Start of mission crew data IND (2) Print Don't Print
Occurences of failures

and emergencies IND (3) Print Don't Print
Scheduled event sequence IND (4) Print Don't Print
Detail events IND (5) Print Don't Print
End of day report IND (6) Print Don't Print
End of iteration IND (7) Print Don't Print
Run Summary - No option No option
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CARD NAME
FORMAT AND (ITY

BLANK

SCHEDULED EVENTS SEQUENCE
I DATA -ONE FOR EACH

SCHEDULED EVENT

SCHEDULED EVENT
9 SEQUENCE TITLE CARD

EVENT TYPE DATA-
a ONE FOR EACH TYPE

EMERGENCY EVENT
7DATA -ONE FOR EACH

TYPE OF EMERGENCY

EaUIPMENT REPAIR DATA-
6 ONE FOR EACH REPAIR

F~AMILY IMAXIMUM 32)

PERSONNEL DATA-
5ONE COMPLETE SET

OF DATA (MAY REQUIRE
MORE THAN ONE CARD)

PARAMETER DATA-
4ONE COMPLETE SET

OF DATA (MAY REQUIRE
MORE THAN ONE CARD)

3 NUMBEROF DAYS

Figure 4-1 Cordi Deck Amrnbiy
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4.4.1 Input Data Printouts. Printouts of the input data are provided to allow the operator
to verify source data. The following input data printouts are available:

* Parameters-The parameters printout (figure 4.4) provides a listing of the input
parameter data from card format 4.

* Personnel Data-The personnel data printout (figure 4.5) provides a listing of the
input personnel data from card format S.

* Equipment and Repair Events-The equipment and repair events printout (figure
4-6) provides a listing of the input event data from card format 6.

0 Emergency Event Data-The emergencies printout (figure 4-7) provides a listing of
the input emergency event data from card format 7.

* Event Type-The event type printout (figure 4-8) provides a listing of the input
event type data form card format 8.

4.4.2 Start of Mission Crew Data The start of mission crew data printout, figure 4-9, com-
bines the crew input data from the parameter and personnel input cards and provides a detailed listing of
crew conditions as they exist at the start of the simulated mission. The last line of the listing shows average
values which the model computes for the total crew.

4.4.3 Failure and Emergency Occurrences The failure and emergency occurrences printout,
figure 4-10 (print option 3), provides the simulated occurrence of the emergency events from format 7. The
printout shows the first day in which each type of failure or emergency event will occur during the mission.S The printout also shows the sea state at the start of the mission and the amount of personnel degradation
resulting from sea sickness.

4.4.4 Scheduled Event Sequence. The scheduled event sequence data printout provides the
information pertinent to the occurrence of events scheduled for the simulated mission. The scheduled events
shown in figure 4-11 are divided into event type families, identified by numbers in the second column of
the printout. If the event involves the use of consumables, information about the applicable consumables is
provided in the next two columns (the threshold level and the number of units required for the event). The
'isting indicates the next event to be started after completion of each event (next event and probability) the
event that must be completed before a particular event can be started (precedent event), the time after the
beginning of the mission that the event should be started (start time), the time within the event must be
completed (time limit), and the code for events not successfully completed on the first try: code I = Repeat,I code 2 = touch-up, code 3 = go to next event.

4.4.5 Detail Events If the option to record detailed event results is taken (print option 5,
IND (5)= 1), the results are recorded and printed for analysis. Included in the printout are the following
results for each event: successful/unsuccessful, men available, start time allowed, prior event requirements
time finished, event start time, event duration, event end time, unmanned hours, group stress, physical
capability, pace, aspiration, performance adequacy, hazard, consumables used and remaining, men on the
job, and each man's fatigue, physical capacity, hours worked (cumulative), calories expended on this task,
calories expended (cumulative) hours since sleep, idle hours, hours slept, cumulative performance, and
aspiration, as shown in figure 4-12.

The printout for each event performed is concluded with data on each man who was
asaigned to the event. Here, an asterisk in the L)R column identifies the work group leader.

4-17
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4.46 End of Day Reports. If the option to print end-of day results is taken (print option 6,
IND (6) = 1), the summarized results of the day just simulated are recorded for printout on the computer's
high speed line printer. Figure 4-13 shows a sample tabulation. The first section provides summarized event
and status information for the overall crew performance. Most of the headings shown are self explanatory.
All times are given in hours. The AVG PERF ADEQ (average preformance adequacy, third line) is a mean
of the performance adequacy value of all events performed. The AVG FAIL DIFF (average failure dif-
ference) is a mean, taken only for failed events, indicating the difference between performance adequacy
(PA) and the required performance level, CASP(LI) K7. The second section shows important data sum-
marized by man. These results are either totals for all daily activity (hours worked, slept, idle, number of
events successfully performed), or represent end-of-day conditions (fatigue, aspiration, competence).
Averages for all of the elements in the second section follow the individual crew member summaries and
represent daily summaries for simulated variables for the member summaries and represent daily summaries
for simulated variables for the day. These summaries include: the total number of events scheduled, events
worked, repair events, emergency events, repeated events, successes, failures and ignores, total hours
worked, time spent on scheduled and repair and emergency events, unmanned station hours, average per-
formance adequacy, average failure difference percentage of tasks failed and succeeded on first try, per-
centage of tasks succeeded on second try, and percentage of tasks ignored and repeated. Also, presented
are: the safety index, competence increase, confidence, hazard, consumble balances, maximum stress and
on which event, maximum mental load and on which event, maximum calories expended and on which
event. A summary table is presented including for each man his physical capacity, hours worked in primary
specialty, hours worked in secondary specialty, hours slept, hours idle, fatigue level, health index, average
physical workload, competence, aspiration, performance (cumulative) and number of successes, Each of
these variables is also averaged across the entire crew. A summary table of these variables is also presented
by type of man.

Eleven reliability related variables are also summarized in the end-of-day printout.
These are: Human Reliability (HR), Human Availability (HA), Human Mean Time to Repair (HMTTR),
Equipment Reliability (ER), Equipment Availability (EA), Equipment Mean Time Between Failures
(EMTBF), Equipment Mean Time to Repair (EMTTR), System Reliability (SR), System Availability (SA),
and System Mean Time to Repair (SMTTR).

These same items are given in the third section of the each of day recording as a mean
by type of man, where type is generally synonymous with work specialty.

4.4.7 End of Iteration Redpor If the option to print end of iteration reports is taken
(print option 7, IND (7) a 1), the summarized results each iteration are recorded for printout. Figure 4.14
shows a sample tabulation. The resulting printout contains such summary items as: number of events suc-
cesaful on first and second try, number of events failed and ignored, average man hours spent in primary
specialty, in secondary specialty, hours spent sleeping and hours idle, consumables remaining, averages of
physical lad, mental load, competence, average performance adequacy, average fatigue, average aspiration,

Zaverage health, and average safety. Each of these variables is also summarized as percentage of total, average
per day, or percentage of original, whichever is appropriate. Summary by day (including an average across
days) includes: number of repair or emergency events, average man hours spent doing repairs or handling
emergencies, maximum stress, maximum mental load, confidence, hazard, average failure difference,
number of successes and unmanned hours. A summary table by day and man type is provided for the fol-
lowing variables: physical capability, hours spent on primary and secondary specialties, deep time, idle
time, fatigue, health index, average physical work load, competence, aspiration, cumulative performance,
and number of successes. Averages for these variables across types by day are also provided.

Reliability metrics provided at the end of each iteration are human mean time between
failure (HMTBF), equipment mean time between failure (EMTBF), human mean time to repair (HMTTR),
equipment mean time to repair (EMTTR), human availability (HAVAIL). and equipment availability
(EAVAILL). A composite reliability metric system availability (SYSAVAIL) is also provided.
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4.4.8 Run Summary. After each mission iteration, the model instructs the computer to
make a check to determine whether all required iterations have been completed, if not, the process con
tinues to the next iteration. If all scheduled iterations have been completed, the results of all iterations
are summarized. The run summary tabulation (as shown in figure 4-15) is presented in a form similar to the
iteration summary.

4.5 Use of Simulation Data

The simulation model is used to measure system and personnel effectiveness for a
given set of parameters, or to measure the result of changes in variable input items. Examples are provided
in the following paragraphs showing the effects of changes in input values for:

0 Workday length and proficiency

* Average crew pace

* Sea state

* Crew size

The nominal input values for these parameters are shown in table 4-1 1, The matrix shown in table 4-7
was used in the assignment of personnel crosstraining probabilities. This matrix presents the probability of
a personnel type with a given primary specialty being crosstrained in a given secondary specialty (the
values in this matrix were used by Applied Psychological Services (APS) to validate the model). The exam-
pies presented in the following paragraphs are based on the results of simulation model sensitivity tests
performed by APS, in which selected input parameters were varied to measure the resulting changes in
system effectiveness. The parameters tested are shown in table 4-12 and the tests are described in the
following paragraphs.

Table 4- ? ? "Standard" Parameter Set Run Conditions

Parameter FORTRAN Value

Average psychological stress threshold APST 2.30
Workday, assignment limit WORK I varied
Workday, maximum WORK 2 22.00
Hours since last sleep at start SLEEP 1.00
Catnap threshold CN 1.00
Maximum sleep permitted per day MAXSL 8.00
Fatigue threshold TFAT 0.25
Average crew pace ACP varied
Average daily calories per crew member CALRY 2700.00

4-30
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Table 4-. VI "StuWde'Pwnter Set Run Conditions (Continued)

Parameter FORTRAN Value

Average short term power rate (cals/hr) PWRRT 440.00
Acceptable performance constant K7 1.00
Work factor constant K! 0.95
Consumable levels: (unlts/hr) KON(l) 15150.00

KON(2) 10000.00
KON(3) 6000.00
KON(4) 500.00
KON(5) 500.00
KON(6) 500.00
KON(7) 500.00
KON(8) 500.00
KON(9) 500.00
KON(l0) 500.00

Consumable levels: (units) KONI(I) 100.00
KONI(2) 100.00
KONI(3) 100.00
KONI(4) 100.00
KONl(5) 100.00
KONI(6) 100.00
KONI(7) 100.00
KONI(8) 100.00
KONI(9) 100.00
KONI(l0) 100.00

Initial aspiration level AASP 0.85
Number of iterations N 5.00
Essentiality threshold IET 0.30
Sea state SESTA varied

Personnel Data FORTRAN Value

I .Mean body weight of total population WT 160.50
Standard deviation of population body weight SIGWT 20.00
% crew fully qualified in prime specialty PPFQ varied
% crew m-inimally qualified in prime specialty PPMQ varied
% crew unqualified in prime specialty PPUQ varied
% crew fully qualified in second specialty SFQ varied
% crew minimally qualified In second specialty SPMQ varied
% crew unqualified in second specialty SPUQ varied
Avg. N man days between physical incapacitations MPI 5.00
Avg. duration of Incapacity (days) PID 5.00
Physical capability constant, a value yielding zero
Physical capability due to over exertion ZPC 2.00
Number of men by type MEN(ICE, NI) varied

4.31



us I 1 1

see-. Ma fto
44

I! 4k

00 a 1

* 1. 1"!

wo a9. w U,4'

see *I U 0 woN

4' 1. We 1, ;
6 1 1 1

; as: - -.-. 4.~ .4 . 5.

S~~00 -4 1-4. * I *.

".. CCC A 4 N

Sbll ". .4.. .

:S: . 4113 .

it. -t 1 111: N a0. fto

- "' I& 14 '

I w4 1%

4424



ozTrb:e 4.12 Swteviiy Tar Runs
Parameters Varied~ A&*

03 4 Comparison

Workday length (houri) 18 18 18 1 12 12 18 Average vs. long workdayV ePrimary proficiency
I. Percent fully qualified 0 0 0 90 90 90 0 High proficiency vs.
2. Percent minimally qualified 10 10 10 10 10 10 10 low proficiency crew
3. Percent unqualified 90 90 90 0 0 0 90

: Secondary proficiency
1. I Percent fully qualified 0 0 0 90 90 90 0 hih proficiency vs.

i 2. Percent minimally qualified 10 10 10 10 10 10 10 low proficiency crew
3. Percent unqualified 90 90 90 0 0 0 90

Average crew pace 1.0 1.0 1.0 1.0 1.0 1.0 1.25 Average vs. slow crew

Sea state 9 9 0 0 9 0 0 Cah vs. rough seas

Crew size 14 9 9 14 9 9 9 Large vs. small crew

4S 1 Workday Length and Proficiency Varvetiona One of the many uses of the model can

be phrased symbolically as:

A() B = COD

That is, the occurrence of conditions A and B is approximately equivalent to conditions C and D (in terms
of some criterion such as number of successful events). For example, an analyst might be interested in
determining whether a crew of lesser proficiency, given more time to work, would perform as well as a crew
of greater proficiency given less time. This type of analysis is illustrated in the sensitivity tests reported
here. In this aspect of the sensitivity tests, proficiency and workday length were varied concurrently. Table
4-13 presents the workday length-proficiency parameter combinations investigated.

Parameter sets 2 and 3 include a long work day with a crew of low proficiency, while
parameter sets 5 and 6 include a short work day with high proficiency. Comparisons between the results
from parameter sets 2 and 5 and between parameter sets 3 and 6, accordingly, provide the desired data.

Figures 4-16, 4.17 and 4-18 present the simulation output resulting from the workday
length-proficlency variation. The first of these figures indicates an increase in the average physical workload
with the shorter workday-higher proficiency. For parameter set 2 in comparison with parameter set 5, as
well as for parameter set 3 in comparison with parameter set 6, the increase amounted to better than 25
percent. It Is possible that the faster crew has to work harder during the shorter time period allutted to
them to complete the day's work and that their greater proficiency does not offset the necessary increase
in physical labor, Parameter sets 3 and 6 indicated a much greater degree of physical load than the param-
eter sets 2 and S. This result probably, a has been noted earlier, reflects the greater number of events
Ignored under adverse weather conditions.
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Figure 4-16 prosenta the effects on event succes and falure percentages as the result
of the workday lsngth-proftciency variation. The percentage of event suceas increased dramaticall for the
igher proficiency crews. Analogously, percentage of event failure decreaed with the increase in proficieny.
While the shorter workday would probably have an effect, in and of itself, prior results with an earler
version of this mode] (Siegel, Wolf, & Cosentlno, 1971) suggest that the lrp vadations observed in event
success and fplure is primarily a function of the variation in proficiency.

Figure 4-17 presents the offect of varying the workday length and proficiency on
average end-of-mlslon fatigue. No effect Is indicated for the compnaion of parameter sets 2 and S. For
parameter set 3, compared with pmeter set 6, a drop of approximately .07 In fatigue was indicated in the
higher proficency-shorter workday combination. Coupled with the results presented in figue 4-18, this
sugets that while the average physical load may inorease because of the shorter workday, the fatigue level
at the end of the day has actually been depreased. The higher average fatigue for parameter sets 3 and 6 is,
once again, probably reflective of the larp number of events ignored during adverse weather conditioms.

4&2 At aqe Crew Pace Vedom Figure 4-19 shows the effect of Varying averg crew
pace on event uccea and failure for parameter sets 3 and 7. The percentage of events failed incead and
the percentap of events sucoesshall completed decreased as the average pace of the simulated crew
decressd. The percnte- of o ts Wed as a result of a 2S percent decrease in average crew I (defined
s a dow crew) increased approximately 13 percent, and the percentag of eveats 1 Mpeted

approximately 8 percent.
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6
4.3 Varlatiom in Sea Stam. The effect of variations in sea state on the model's output is
illustrated In a comparison of the simulation results from parameter sets 2 and 3, and parameter sets 5 and
6. paameter sets 2 ad 3 are characterized by: long workdays, low proficiency crews, average crew pace,

and small crews. Parameter sets 5 and 6 are characterized by: short workdays, high proficiency crews,
average crew pace, and small crews. Parameter sets 2 and 5 have sea state values equal to 9 (rough seas)
while parameter sets 3 and 6 have sea state values equal to 0 (calm and glassy) seas.

The effects of variation in the sea state parameter are shown in figures 4-20, 4-21, and
4-22. Figure 4-20 shows the effect of sea state variation on the average failure difference. As anticipated,
both parameter sets indicated a larger margin between actual and acceptable performance (the failure
difference) for the rough sea state condition. The larger failure differences observed for parameter set 2
as compared with parameter set 3 suggest that, according to the model, a lower proficiency crew working a
longer worker day will suffer a significant performance degradation in rough seas and that this degradation
is higher than for the short workday, high proficiency crews.

Figure 4-21 presents the effects on the percentage of events successfully completed or
failed as a function of difference in sea state. Percentage of failure appears to increase significantly with
adverse weather conditions. The effects on percentage of success appear to have been greatest in the com-
parison of parameter set 2 with parameter set 3. Here, a 14 percent decrease was indicated. The slight
Increase in percentage of successful events observed for parameter set 5 as compared with parameter set 6

(adverse weather conditions) (4 percent) Is consistent with the prior indication of the model that higher pro-
ficiency crews working shorter workdays are less affected by the sea state.
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Figure 4-22 presents the effects of varying oe state on average performance adequacy
(APA). Both parameter sets are in agreement. Each indicates a decrese in APA with increasing weather
turbulence. Aio, as predicted, the better crew (higher proficiency) of paneter sets S and 6 demonstrated
higher APA. In summary, it appears from the averag failure difference, percentage success/failure, and
average performance adequacy data that the model yields results which are directionally sensitive in the
anticipated direction when the new sea state variable is Implemented.

454 Crow Size VarIleona. The results from parameter set I venus 2 and 4 venus 6 repre-
sent the effects of variations In crew size on the completion of the events in the simulated day's work,
Parameter sets 2 and 6 include crew sizes of 9 men, while parameter sets I and 4 are simulations of crw
with 14 men. Parameter sets 1 and 2 both involve: long workdays, low proficiency crews, average crew
pace, and rough sea. Parameter sets 4 and 6 both include: short workdays, high proficiency crews, averageCrow Pame, and calm Wse.

Figures 4-23,4-24,4-25, and 4.26 present the effects of crew size variation on selected
simulation output. Figure 4-23 indicates an increasng percentage of tasks successfully completed with

Increasing crew size for both comparisons. The percentage of tasks failed decreased from 71,2 to 65.9 with
increasing crew size for paramneter sets I and 2, while the percentage of tasks failed for parameter sets 4 and
6 remained relatively constant. The effects of crew size variation on task performance accordingly seems tohave had its greatest impact on the percentage of tasks successfully completed. Task success percentage in-
creased approximately 10 percent for parameter sets I and 2 (less than optimal conditions) and approxi-
mately 15 percent for parameter sets 4 and 6 (with more optimal conditions). Increases in the number ofevents fadled with smaller crews seems to be coupled with less than optimal conditions. Large simulated
crews were more able to handle the increased workload.
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CO Figure 4.24 indicates that more idle hours and less work by crew members in their
primary proficiency accompanies larger crew sizes. Idle time was bout 20 percent greater for perameter
met 1 as compared with parameter aet 2 and about 10 percent poster fbr parameter met 4 as compared with
parameter set 6. The decrease in time worked in primary specialty is reflective of the general decrease in
work time per crew man with increasing crew size.

Figure 4-2S shows the effect of crew size on average physical workload. Increasing the
sdu of the crew results in a simulation output whiIndicated less physical workload per crew member.
Thme diffarene In workload between parameter ant 1 and 2 (lees than optimal condition) and parameter
sets 4 and 6 (more optimal condtions) reflects the grear number of events attempted (not ignored) and
successfuly performed (see figure 4-23) by the simulated crew under the more optimal conditions. I

The effect of variations tn crew size on average hours slept Is shown in fRem 4-26.
With increasing crew sie the average number of hours slept Ipereases for parameter sets 1 and 2. and
para"Wer set 4and 6,The effectis marginal for parameter sets 4and 6. For parameter sets Iand 2,
approximately a 20 percent increase in sleep time available under the more adverse conditions (parameter
ses I and 2) ia a hunction of more events being ignored.

4iL5 Rd/abN lOvDM~ Human reliability, equipmt reliability. and system reliability are
provided In the run summnary printout, fgRem 4.15S. The relabilt data are presented an the last Hin of time
printout which Is prepared after completion of all iterations of each run. The reliability data obtained *
during the test described, in paragraphs 435.1 throug 4.S.4 are presented In tables 4414 throug 4-16.

Parmeter set 2 and 3 dWferd only in sea conditions. The sa state in parameter sets
2 and 3 was 9 and 0-respectIvely. Table 4.14 presents the reliability values for these parameter sets.
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Talwe 4- t4 Overall Reolability Metrics for Parneter Sets 2 and 3

Parameter MTBF MTTR Availability System
Set Human Equipment Human Equipment Human Equipment Availability

2 0.744 3.384 2.71 20.889 0.215 0.139 0.181

3 2.226 3.367 3.06 21.339 0.421 0.136 0.313

Table 4.15 presents the various reliability metrics comparing the results from parameter
sets 3 and 7. These two parameter sets differed only in the assigned average crew pace. Parameter set 7
represented the skower crew. All the metric comparisons, with the exception of the HMTTR comparison,
indicate superiority for the faster crew. There was a considerable increase In system availability as the
result of manning the simulated system with a faster crew. However, again there is a reversal for the HMTTR
comparison. The present thinking relative to this reversal is the same as that discussed for the prior param.
eter set comparison.

Table 4.15 Overall Reliability Metrics for Pawrmeter Sets 3 and 7

Parameter M BF MTTR Mikbily system
Set Human Equipment Human Equipment Human Equipment Availability

3 2.226 3.367 3.06 21.339 0.421 0.136 0.313

7 1.649 3.536 2.86 18.130 0.366 0,163 0.283

The effect of the crew size variable with a short workday, high proficiency crews,
average crew pace, and calm seas is shown in table 4-16. Parameter set 4 includes a crew of 14 r.en, while
parameter set 6 has a smaller crew (9 men).

Table 4.16 Overll Reliability Metrics for Pae tr Sets 4 and 6

Parameter MTBF MTTR Availability System
Set Human Equipment Human Equipment Human Equipment Availability

4 5,314 2.829 1.88 18.754 0.739 0.131 0.531

6 6.953 3.157 4.60 15.829 0.602 0.166 0.441

The larger crew indicated a shorter HMTBF, a shorter HMTTR, a higher AVAIL,
and a higher system availability. Here, all numerics are in the anticipated direction with a 20.4 percent
increase in system availability resulting from the increase in crew size.

*Since this report was prepared, a number of additions have been incorporated in the model in the
calculation of human reliability, MTrR, and availability Indices. Corresponding changes have also been
incorporated Into the calculation of the various system metrics.
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5.0 EMPIRICAL MODELS
5.1 Intrdusti

This section describes several useful empirical models and techniques developed dunng
the Human Reliability Prediction System Program. Theae techniques can be used to provide useful system
planning, design, and test information at several points in the system life cycle. The following tools are
described:

" Lognormal distribution models which permit the maintenance parameters of
systems to be estimated

" A simple regression model, called the maintenance power model, which relates
repair time, man-hours, and repairman experience

i Multiple repairmen prediction models based on a matrix approach

* A flow chart maintainability prediction model which can be used in the multiple
repairman case and with PM/FL

* A demonstration procedure which can be used with human reliability

These methods are generally applicable and examples are provided for several system
types.

in this section, a new parameter called maintenance power is introduced. Maintenance
power is the product of repair time, man-hours, and years of experience of the repairman. The average of
this product over all repair actions provides a simple means of relating maintenance man-hours, mean
experience, and mean repair time for any system. Maintenance power will be discussed in Section 5.3.2,
below.

5.2 Loqnom d Oisibutlnh of Maimm P mmt

Maintenance parameters for any electronic equipment can be accurately described by
the lognormal distribution. The one exception to this rule is the repair time for large systems. In this case,
the full set of data points is frequently bi-modal-modes are identified iot distinct sets of repair times of
over and under some specific value. For large sonars this value is 10 hours.

The following maintenance parameters ae described by a lognormal distribution:

* Repair time

* Man-hours

* Maintenance power

* Men assigned per repair

* Experience assigned per repair



..!
The data in table 5-1 presents maintenance parameters for three typical electrical

equipments and one typical mechanical equipment. The distributions of repair time and man-hours are
plotted in figures 5-1 and 5-2. These examples are based on field data. Predictive models will be provided
below.

Table 5-1. Maintenance Parameter Distributions

Maintenance Sample Arithinetic Std Dev
Equipment Parameter Size Mean Log X

Large Sonar Repair Time 237 3.22 hrs 2.30 hrs 8.88 hrs 0.357
10 f hrs)

Repair Time 283 8.55 firs 3.46 hrs 31.70 hrs 0.585
(all times)
Man Hours 237 5.23 hrs 3.29 hrs 16.10 hrs 0.419
(<I 0 hrs)
Man Hours 283 19.50 hrs 13.90 hrs 53.90 hrs 0.378
(<all times)
Maintenance 283 68.10 hr-yrs 19.40 hr-yrs 3.25 hr-yrs 0.685

Power
Men

Assigned 283 1.78 men 1.63 men 3.25 men 0.182
Experience 283 3.80 yrs 3.59 yrs 6.27 yrs 0.148

Nose Landing Repair Time 82 0.74 hrs 0.70 hrs 1.24 hrs 0.149
Gear

Man Hours 82 1.51 hrs 1.34 hrs 2.96 hrs 0.209

Airborne Repair Time 108 1.89 hrs 1.49 hrs 4.65 hrs 0.300
Digital Comp. Man-hours 108 2.72 hrs 1.89 hrs 7.67 hrs 0.369

Airborne Repair Time 108 0.88 hrs 0.72 hrs 2.09 hrs 0.280
Radio Set

Man-hours 108 1.50 hrs 1.21 firs 3.58 hrs 0.287

Airborne Repair Time 108 1.69 hrs 1.34 hrs 4.12 hrs 0.297
Radar Set

Some important properties of the lognormal distribution are shown in equations
5-1 through 5.5. If x is truly lognormally distributed, the parameters of the x distribution may be
estimated as follows: n

* Estimate of median of x = geometric mean of x = Antilog (Z log x)/nl (5-I)

where:

n is the sample size

e Estimate of standard deviation of log x = a

]j-] og (Mean/Median (5-2)

5-2 4
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0 (95th percentile) (
17x"le~N=) exp (I .645u/0.4341

0 Modsof x- (Median) exp (0/0.434)21 (54)

0 Z - 10.434/0) 1 ln(x/MED)) (5.5)
Z a standard normal vadrite with mean equal to zero and variance I

Thea equations provide a convenient way to describe the distribution of the key
maintenance parameters.

Flgur 5-3 is a histogram of repair times for a lme sonar. This chart clearly Indicates
the bi-modal nature of the repair time distribution.

Figure 5.4 presents a plot of average experience vs. repair time and man-hours. A
useful finding is that averagp experience increes with repair time. Above 10 hours, average experience

ma to decrease with repair time and man.houra This finding Indicates that more complex repair actions
* . (as indicated by greater repair time) have more experience applied to them. It may. however, indicate the

reverse; that more experienced repairmen ar actually less proficient and take longer at repairs. More
experimental work Is needed to resolve this lise. Sufficient funds were not avallable in the Human
Reliability Prediction System Program to obtain the data to draw goncluslons about the curves' behavior
above 10 hours.

3 Siph Lpem e Plktim Mads

all .3i . Mhkmhublly Pmdidcion Techniq m These prediction methods make use of

coefficients derived from service-wide maintainability data for specific system types. Predictim can be
made for equipments as a function of repair crew dze and experience. The prediction models described are
deined to be independent of one another.

The models are used to estimate the following important maintainability parameters:

0 Maintenance power (man-hour and experience as a function of repair time)

e Distribution of repair time per repair a a function of average repair crew
:: experience

* Distribution of manhours per repair as a function of average repair crew

experience

, Number of repairmen per repair

* Repair crew experience

* Annual man-hours

S Average number of repairmen appearing within each experience catelory
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The prediction method described makes use of the following items, which can be

derived by system type from service data:

" MTTR. geometric MTTR (MTTR.), 95th percentile repair time, standard devia-
tion of the logarithm of repair time (OR)

" Mean man-hour (MMH), geometric mean of man-hour (MMHG), 95th percentile
man-hour, standard deviation of the logarithm of man-hour (aM)

" Average number of repairmen per repair (K), geometric mean of number of
repairmen per repair (KC), 95th percentile number of repairmen per repair,
standard deviation of the ogadrthm of number of men per repair (OK)

* Average repair crew experience (E), geometric mean of experience (EG), 95th
percentile of experience, standard deviation of the logarithm of experience (OE)

Each of the prediction methods is described in the following paragraphs.

.32 Model for Maintenance Power. Maintenance power relates mean man-hours, mean
repair time (MTI'R), and mean experience levels. The maintenance power applied to a repair of any given
repair time is equal to the average of the product of the experience levels (years) applied to the repair and
the time expended (hours), within each experience level, over all repairs having that repair time.

Statistical analyses of fleet repair data for a large sonar system indicate a very close
fit to a straight line equation of the form:S NP = ORT = 8 RT (5-6)

where

MP - Maintenance power

S8 = The slope of the regression curve

RT =Repair time

The data indicates that equation 5-6 also describes the relationship between mean
values, i.e.:

I 8 -MTTR. or MMHTP 8. MTTR (5-7)

where:

MMH = Mean man-hours

Average repair crew experience

The second form of equation 5-6 is very useful for early system planning for trade-
off studies of maintenance man-houts, technician experience, repair time, availability, and life cycle support
cost.
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Idlulbutioon can be atlastm d a a bnaction of Verap repair crew experience. The cure In figum S4 Os
venpl np*l dime as a hudwl of raWl cow expeiec, This tamV b itd In scp beas it wa

deurived fi Juat one a mtn. hoaer, It os be ad to llustts the method. The asumption under
y1the tms of this modal am Miows:

* Repair time Is loponudaly distributed.

0 The standard deviation of the repair time distribution i not affected by chanips
in mrap number of repairmen per repair (K) nd averae crew experience
It appears monable to assume that the standard deviation Is Invariant across all
systems In the Orde, for ny Om system type (OR).

0 Experience and repair time relationddp given in figum -4 ae known.

The procedure for using the model to predict repair time distrlbution k demonstrated in example 5-1.

Eumpl 61. 11e112k Tim D110*1hhtle

TM* OSW*gitn
Firt, figure L4 can be used to estimate the averap repair time for a im averap

experience level. For a hypothetical E a 4 years, the avera repair time (MTR) a 4.9 hours.

The derived repair time distribution hm o R 0.S5 hours. It Is assumed that this value
does not chae. The other charactlrstics of the repair time distribution (except for oR) can be estimated
U follows:

,pp1 k*b Fomade
MT .RG - AnUlo DogTr. T 5 of- 2I (J4)

Maximum Repair Time - MFRG exp 11.645 OR/ 0 434 1 (5-9)

Procedure Example
I. Substitute MITR and OR I. MTTRG - Antilog [" 4.9. 1. 1 S x (0.585)2

Into the formula

2. Compute MTTRG 2. Antilog plog 4,9. 1. I x (O.SS)2

1.98 hours

3. Using MTrRG . compute 3. Maximum Repair Time
Maximum repair timeMImumx repir n !.6 , ) aI98 x exp (1.645 x 0.S8S/0.434J

(MTTRG xOxp 1 64 SR/0 4 34  a 1.98 x exp 2.22

-1IA9 x 9.18
* 18.18 hours
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.i h hww P,*on. The distrbution of manhours per repli cn be predicted a a
Amctlon of average repair crew experience. Apin. use bs made of a fl4= such a 5-4. The ausumptions for
this model we a follows:

" Manhours ar logormally distributed.

" The standard deviation of the umbour dlstdb tom (o remaim the same and
is not affected by 1_and K chamn "I. Cbtug p peaTo have very little effect
on ow.; however, affect c mmh-hour characteristics.
This w at est true wtoult values remain Wy close to the minimum required
value dictated by the Inherent maintainability characteristics of the equipment.

* Total nm.hoursK x (MTR) x Number of Failurs (50)

The procede for using the model to predict the distribution of man-hours per repair is demonstrated in
example 5.2.

ExeWk 6-L Dk"s Mtiem of Urnem4ke. Per Reair

Taskt Dewrioo

Compute the man-hour distribution where am 0.378 and average technician ex-
perlence is 4 years.

Apeikti Formula
Median man-hour (geometric mean: MMHv) Antilog 11o MMH- 1.15 M21 (5-1l)

Maximum man-hour = MMHG x exp 11.645 x oMIO.4 34 1  (512)

(95th percentile)

Prmnnedure uXample

1. Etimate mom man-hours (MMH) from graph I. MMH - 8.00 hours
in figure 5.4. 2

2. Compute median man-hours (jeometric mean) 2. MMHG= Antilog [log 8.00..So 21 ]

Antflog t10 8.00- 1.I S x (0.378)21

5.48 hours

3. Compute maximum man-hours (95th percentile) 3. Maximum man-hours (95th percentile)

a MMHG x exp 11.645 x a.410.4341

a 5.48 x exp [1.64S x 0.378/0.434

a 5.48 x exp (1.4331

- 5.48 x 4.19

a 22.96 hours

._



£35 Prodkti of Number of Ropl nn per R*i*. This model is used to predict the
median and maximum (95th percentile) number of repairmen Lor repair baaed on knowledge of the average
number of repairmen per repair (K) For the sonar fleet data, K 1.78. The assumptions for this model sue
as follows:

0 Number of repairmen per repair is lognormaly distributed.

0 *K is not affected by E and K changes. Experience with much data indicates
tat th& is valid. 0 K = 0.182.

The procedure for using the model to predict the number of repairmen per repair is demonstrated in
example 5-3.

Enmnp 5.3. Repkma. per Rlepair

Given oK a 0.182 compute repairmen per repair.

A lA0, k"e Fonrwms

Median repairmen per repair (W):

RG "Antilog NgK.1.15 oK2] (5-13)

Maximum Repairmen per Repair = KG x exp [1.645 x old/0.434]  (5-14)

Procedures

Procedure Example

I. Compute K0  1. IC0 Antilog flog K1.1S k2j

- Antilog (log 1.78- 1.15 x (0.182) 2j

- 1.63 Repairmen

2. Compute maximum repairmen 2.IR-K x 16Sxa/.44
per repair (dRR) - 1.63 x exp [1.645 x (0.182)/0.434]

= 3.25 Repairmen

$1.6 Prdktion of Rq3r Crew E la This model is used to predict the median and
mtaximum experience level per repair. This model is based on the following assumptions:

• Repair crew experience is lognormally distributed.

5-10



0 The sdarwd deviation of the expovience diatuibution (E) remains constant
and is not aOected by E and K changes. For the purposes of simplicity In pre-
diction, it is not unreasonable to make this assumption. aE w 0,148, from the
available data.

The procedure for using the model to predict experience level per repair is demonstrated in example 5.4.

ExamPe 54 Expebu Level Pe Repair

TA* Deec4tuko

The prediction is made using the averap experience level per repair (E) assumed as the
input to the illustrative examples in this section. E a 4 years. The model permits the median experience
per repair and maximum experience per repair to be estimated.

Aplpk&b Foem ual

Median experience per repair (EG):

G-AntlogIlot 1 15 - E2 ) (5-1S)

Maximum experience per repair EG x exp [ .645 cE/0.434 1 (5-16)

1. Compute EG I. EGmAntlo[IoE,.l15OE]

-Antilog(log4- 1.15 x(0,148) 2 )

3.77 years

2. Compute maximum experience per repair 2. Maximum experience per repair
a EG x exp 11.645 OE0 4 3 4 ]
= 3.77 x exp 1.645 x (0.148)/0.434 ]

w 6.61 years

51.7 Predleton of A " Amn.ours and Average Number of Rqwa rm Appoar at
Each Exw* LoeW. These parameters ar very useful to logistics system planners. They provide data
(or manning level and life cycle cost estimates. In order to perform these calculations, it is assumed that:

" Repair crew experience and man-hour distributions have been calculated.

* Accumulated Man-hours at Experience Level E - Mean Man.hours/Man/Repair
x Men Appearing at Experience Level E.

The procedure for using the model to predict annual man-hours and average number of repairmen at each
experience level is demonstrated in example 5.5.

i 5-11
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S AppfaW Fwms

Averae Annual Number of RepalnnTme)(.7
(Averge Repairmen/Repalr) x MTBF /

manTot ial ma-hours - Moan man-hours x u F Oper(tingTMTBF /(.8

Apportioned Repairmen a Percent in Experience Interval

x Average Total Repairmen (5-19)

Apportioned Annual Man4-ours in Experience Interval

- Percent in Experience Interval x Annual Man-hours (S-20)

Phcedur

Procedure Example

I, List the ship's repair crew experience. Show I. See table 5-2
rmp of experiences. cumulative percent and
percent of each interval from the lognomal
plot iVen in fiure S-S.

2. Compute average total annual number of re- 2. Average annual number of repairmen
pairmen in repair actions using formula S.17. (AveraueRepairmen/Repair) x

( Annual Operating Time)

1.78 x -"'-5000

" 17.8 repaliien in repair actions

3. Estimate the expected total accumulated an- 3. Total annual man5ours
nual man~wous ing formula 5-1IS. a Mean man-hoursng

a 8.0 x - 80 hour
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I.

I.

4. Use the experience distribution results (table 4. Computed for the 3 year experience interval ,)
5-2) to compute the average number of re-
pairmen in each experience level category a. Apportioned repairmen
(formula 5-19) and the associated number of = percent in experience interval
nan-hours (formula 5.20). x Average total repairmen

= 0.42 x 17.8

- 7.48 repairmen

b. Apportioned annual man-hours in

experience interval

- percent in experience interval

x Annual man-hours

- 0.42 x 80.00

= 33.6 man-hours

Table 52 Experience Distribudon Summary

Experience level
(years) 3 4 6 8 10

Range of Experience
(years) 0-3.5 3.5-5 5-7 7-9 9 or greater

Accumulative Percent
(at upper band of
experience range) 42% 87% 96.5% 99.5% 100%

Percent for each
Interval 42% 45% 9.5% 3% 0.5%

LID# Tra-off Ralnrsips. The relationships presented above can be used for simple
but efficient trade-off analyses between repair time, man-hours, experience levels, failure rates, spares
stockage leveb. availability, and costs.

Basic relationships presented in this section are:

MMH .t-$ MTTR (5.21)

MTTR - f(E) (5-22)

MMH - g(E) (5-23)

Total man-hours= K MTTR x No. of failures (5-24)

K - Some known value

5.14



To these can be added the following relationship from classical reliability theory:

The reliability of the ith subsystem Is Rj(t) - e" t  (5-25)

where:

A = failure rate of ith subsystem

System reliability calculations axe adequately covered in many standard texts.

The subsystem availability is:
I
-- ((5-26)

where:
j repair rate of ith subsystem

The system availability is:

As(t) = A1 A2 -AN (5.27)

The probability of running out of spares in mission of time T fe. ca' " module type
* i is:

e- iT ( NT)5s
P(spares) < 0.1 (5-28)S!

where:

S = number of spares

Simple equations for life cycle support costs or models such as the LOR model
(MIL.STD-1390A) can be used to relate costs to design and support system parameters. These models
and the above equations can be used to perform trade-offs.

5,4 Multiple Repairman Maintainability Prediction Model -The Matrix Model

5.4. 1 Introduction At the present time, the conventional maintainability prediction and
demonstration procedures described in MIL-HDBK-472 and MIL.STD-471 A are only associated with single
man repair tasks. Also, differences in training and experience between the repairmen are not adequately
accounted for in these prediction models. This section introduces a mathematical model for maintainability
prediction that takes into consideration the effects of utilizing multiple repairmen, as well as considering
differences in training and experience.

In the single-man repair situation, the man-hours and active repair (or elapsed) time
are always identical; therefore, the maintainability characteristics of an equipment can be adequatel'
expressed in terms o its repair time characteristics. In the situation of complex systems, repairs usuahy
require the services of more than one repairman. Consequently, system maintainability characteristics can
no longer be adequately defined by repair time characteristics alone; constraints on other chamcteristics
(such as man-hours and number of repairmen) must also be defined.

5-15



The fact that repair time, man-hours, and the number of repairmen can all be approx.
imated by V_%normsl distributions pernts the assumption that multiple repairman actions may be shown to
cotisist of a simple combination of single repairman actions using a matrix model. The matrix method of
predicting MTTR's and MMH's is described in the next paragraph.

542. 1Atrx Cakuledont The matrix method of" maintainability prediction is best
described by a series of illustrations for the parameter types of interest.

Calculation of MTTRS. The arithmetic system MTFR, MTTRs, is calculated by the
following relationship:

K
MTTRS E a1 KIASuThe mean time to repair the system (5-29)•iI

where:

ai a Probability that i repairmen are assigned.

i - Denotes the number of repairmen associated with a
repair; i ranges from I through K.

KNote K a 1. (5-30)

MAXim C IWi - Human factor adjusted average system repair "
-, time for I men repair team.

* Repair time human adjustment factor for i menrepair team. This is a team-work factor reflecting gain
in efficiency due to team-work. 0 < Cx < I.

Typical values of Cxi for a large sonar system are:

CX 1, This is obvious for a I-man team.

CX 0.306 for 2-man teams.
2

CX 0.244 for 3-man teams.
3

The equation for MTTRS can be rewritten as:

K
MTT-Rsin - TM T AAxi4 TMAI AMI (5-31)
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whm:

T *The transpi of a

I * Unit matrix

rex 0 01

0 0 CX3j

The parameters or a typical large sonar problem are:

a = Probability of I -man per repair a 0.1

L02 = Probability of 2-men per repair = 0.7

a3 a Probability of 3-nwn per repair - 0.2

I w Mean repair time of I-man repairs = 4.1 hours

Therefore, the MTTR8 is obtained as follows:

aT (0.1, 0.7, 0.2)

a4.1
.2

;aa



therefore: 0
MTTRs - [0.1, 0.7, 0.2 30 4.1

- 1.49 hours 0 0.2

&422 Cakuletion of Aon Man-hours per Sysom Repair (MMHSj. The mean vlue of man.
hours per system repair is given by:

K
MMHs Z Y a I lA[ i TTMAYI (5.33).

where:
DUAYM - AyRil [cr1~acI C~3  0< (5-34)

('Y1  = Human fatradjustment factor on man-hour. 0<Cy, •

Typical values for a large sonar system are:

CY2 = 0.526

aY = 0.451

Consider the large sonar of the previous example. if all parameters remain the saneI
and the mean man-houus for a single repairman ituation, [ [l a 4.1! hours, the mean system man-hours
can be calculated from

0 01 - 0.26

0 0.45 4MMHS a (0.1, 0.7, 0.2] 0 .526 0 J [ :. 1
, 2.29 hours

j5.-
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S.S Flow Chart Maintainability Prediction
5.5.1 Introduction. At the present time, Procedure 11 in MIL-HDBK-472 is probably the

most popular maintainability prediction procedure. However, because of Its reliance on table 2-2 of that
handbook the procedure can only be wed for preliminary maintainability prediction studies,* since this
table is rather Insenaitive to hardware design changes and totally insensitive to maintenance procedure
improvements. Therefore, the Flow Diagram Maintainability Prediction Method is presented in order to
estimate the maintenance dam for a given system more rulistically. This method improves maintain:
ability prediction accuracy, helps to standrlze troubleshooting procedures, reduce the expected number of
maintenance steps, and establish a troubleshooting priority that is roughly consistent with circuit crli,

~cal/ty. The method can be used for maintainability growth monitoring and man-hour prediction. Because

the flow diagram can simulate most of the maintenance tasks, it is a highly desirable prediction method for
contracts that require maintainability demonstration.

Another important characteristic of the method is that it can be used to predict
arithmetic mean repair time and mean nmn-hours independent of the distribution of repair time. In addi-
tion, it can be used for analog and digital systems.

5.5.2 Basic Concepm The following steps are used when applying the flow chart model.

* Conduct a Level of Repair analysis to determine the system's modular and
replaceable part structure.

0 Conduct a Failure Mode and Effects Analysis to determine the symptoms
resulting from the failure of each replaceable item or module.

* Evaluate the results of the first two steps and construct a troubleshooting flow
diagram which defines the logic and physical actions of the repair process.
Rules which should be followed are:

- Whenever feasible, each test point indication should eliminate from sus-
picion roughly half of the potentially faulty circuits. This rule is consistent
with decision theory concepts using failure rates as the weighting factors.

- Troubleshooting actions should consist of a logical deduction from visual
analysis of selected signal outputs, the BITE/PMFL readings obtained while
manipulating front panel controls and limited groups of modules/replace-
able items. In some cases, testing by simple replacement may be necessary.

The flow chart is constructed under the assumption that only one independent cir-
cult fault can occur in the receiver at a time, because the probability of two simultaneous independent
faults Is extremely low.

'I -

Localization, isolation, alignment, and checkout times in MIL-HDBK-472, table 2-2, ar based on the
average maintenance test times of a wide variety of naval electronic equipments of vintage lots prior to
1965.

ELI9



Determine the time required for each analytic and physical step in the flow chart:

0 Test equipment setup time (ts).

0 Overall system diagnosis time (tod) (This is the time required to determine the
starting point of the analysis from system level indications.)

9 Module isolation/localization time (tILM) (This Is the average time required to
trace through the logic paths to deterine if a module is faulted. If several paths
lead to the same module, they must all be included in the analysis.)

0 Replaceable item isolation/localization time (tILR); sar,,e definition as for
modules.

0 Module replacement and check time (tM) (This is the time to check the test
points, jacks, and visual indicators on the suspected module, replace the module,
and check its functioning. For some modules, alignment time Is needed.)

a Replaceable item checkout time includes time to remove, replace, and check
replaceable items.

Specific time elements can be derived from tables 2-2 to 2-5 in MIL-HDBK-472
and from the best judgment of the maintainability engineer, after consultation with design and maintenance
personnel.

The MTTR is computed from the following equation:

MTTR a ts + tod + i Rpi (5-37)

where:

t1 a test equipment setup time

ted =  overall system diagnosis time

- failure rate of the l'th module or repairable/replaceable item

)Xt ; Vu

Rpi - til + tm  the time required to isolate, check, repair/replace, and
check the i'th module/part. This is derived by tracing through
each path in the flow diagram.

The peometric mean of repair time (or median) is computed from:

RG - Ailog logt +0log td + lot
X TJ
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£ The standard deviation can be computed from:

1 log MTR (5.39)

The 95th percentile can be computed from:

RT(95) = MTTRG exp ( 1.645 o/0.434 1 (5.40)

The procedure described above can be extended to the multiple repairman case
quite simply, by assuming that certain groups of tasks can be performed in parallel. Each man works on a
specific group of logical steps and physical activities, either completely In parallel or alternating. This allows
the case of repairmen working at different locations (i.e., CIC and equipment room) to be evaluated. The
case where several technicians must work together on heavy mechanical gear can also be considered.

5.5.3 Examples The flow chart method can be illustrated by means of a simple example
for a digital system which includes a power converter, two module groups, and a rack assembly. Organiza-
tional maintenance is performed by means of module replacement. Some visual fault locating is provided
by means of an indicator lamp on the front face of critical modules. However, most fault locating must be
accomplished by measuring the signals at a large number of test points which are brought out to the front
face of the modules.

The flow chart procedure is illustrated as follows:

I. Figure 5.6 defines the overall troubleshooting procedure. If the system con-
tained a sophosticated PM/FL, many logical steps in the analysis of the module
groups would be zero, and the block "Overall System Diagnosis" might be
slightly larger than three men.

2. Figure 5.7 illustrates the logical and physical steps used to isolate faulty power
supply modules. The mean repair time calculation for the power converter is
summarized below:

" The process illustrated in figure 5-7 and step 2 is repeated for each module
group and the rack assembly.

• The MTTR calculation is summarized as follows:

Module Group Ni i Rpi
at End of Uine

Power Converter 2.9637836 8.112905
Module Group I 28.481625 329.996866
Module Group i 11.226419 126.5552210
Rack Assembly 0.841026 50.46156

Totals 43.512853 515.126552

MTTR - 2 rin + 3 min + 515.126552
43.512853

a 16.84 min
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5.5.4 Impact of PM/FL System on Flow OWt Maintainability Predicto. If the system
is equipped with a PM/FL system, the maintenance times associated with many of the diamond shaped
decision blocks in the flow diagram will be reduced to zero. The system checkout time will also be reduced
accordingly. When the troubleshooting and checkout times become negligible, the repair time character-
istics, being dominated by the assembly/disassembly times, will generally become a normal distribution.
However, when a PM/FL is not fully effective, the influence of troubleshooting times will remain sub-
stantial and the lognormal principle could still be applied for maintainability prediction.

At the present time, a common practice in PM/FL design is to enable the system to
localize faults to a small number of modules; consequently, manual troubleshooting is still commonly used.
In such cases, the system flow diagram shown may be broken down into a number of discrete flow dia-
grams, each being associated with a group of potentially faulty modules designated by the PM/FL system;
consequently, the maintainability prediction approach will remain the same as that described in the pre-
vious paragraphs.

In case a group of faulty modules cannot be troubleshot by logical deduction of cir-
cult functions, a common practice is to try the random spare module substitution method. In such a case,
maintenance flow diagram may be abbreviated and the following mathematical model may be applied.

Given the following input parameters:

n = Number of modules in the group

= Failure rate of ith module

= The order of module substitution, that is:

Module 1 is substituted with a spare first. If it is not the faulty module,
Module 2 will be substituted with its spare, etc., i has a range from 1
through n.

t i = The estimated total repair time for the ith module including all the wrong

module substitution and checkout times.

The following may be calculated:

n
W i / Z = The probability the ith module is defective (5.41)

i=l
n n

Expected Group Repair Time = 1 tii/ ki (5-42)
i=l i=l

If (J is the average module removal time plus spare insertion and checkout time,
the total repair time for 2, 3 .... n modules is given by:
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F.
13 t I + 2[0] (5-43)

if X, X, X., the equation for Expected Group Repair Times becomes:

(n-I) (544)
n I + T

If = + Cover Removal & Installation Time

~~~(n+l)i' -

Expected Group Repair Time - -- "---, + Cover (5-45)

LO Malintono P amwr Dmonstrmtion

5.6.1 Introductim Since repair time, nan-hours, and number of men per repair are the
inhereent maintainability characteristics of an equipment, they should be specified in contract requirements
and tested in maintainability demonstration. Repair times, man-hours, maintenance power, repairman
experience, and men per repair are lognormally distributed. Consequently, the demonstration plan des-

cribed in the following paragraphs can be used to test each of these maintainability parameters.

3,6.2 Demostrazlo Procedure Model I - The Medkm This demonstration tests the
acceptability of the median of a lognormal variate (x) when the requirement is specified in terms of both a
specified median (M.) and a maximum median (M 1). The basic test model Is derived from Test Plan 4 of
MIL-STD-471 A (sample size - 20). The hypothesis testing model is shown in figure 5-8.

lo(aeopgmtric mean of x)-lox(eD¢I fiod mdian) toA(neoMectic moon of .)-Zo i j.an)

Accopt a Rejet

t t

Flure 5& HypoVhe." reating of de Me~oan
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The null hypothesis is

HO: M<Mo  specified median (S.46)

The alternate hypothesis is

HI: M>M 1

This accept-reject criteria requires that both of the foUowing be true:

[og ( iometric mean of x). log(spifed median) (547)

indicates H. Is true witha(i -a) probability

lo$ (geometric mean of x) - log (maximum medan) (]"

indicates H I is true withS. probability

where:

a a producer's dak that the system will be rejected even If M < Mo

a consumer's risk that the system will be accepted even if M > M

Mo - Specfied medan of x

MI a Specified maximum median of x I
n

Geometric Mean of x a Antilog I flog xi)/n
iml

s = Estimate of the standard deviation of logarithm of x

nt

El0S x,)2 - n 11" (geometrlc mean of x) ]2

tw, tP =values of student's t distribution at percentage points a, i.e,
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t .729 for a, u0.1

t 1.328 for P-0.2

n sample size 20

ass Ownaonernfnm Pre im Mod 2 - The Aftm. This demonstration model tests the
acceptability of the mean of a lopormal variate (x) when the requirement is stated in term of a minimum
acceptable or specified mean (a ) and a specified maximum mean (p The basic model is the same a
that outlined in MIL-STD-471 A Tst Plan IA. The detailed hypothesis testing model is shown in figure -9.

Critical

ZC
i--

Figure sa Hypothesis retin of the Mew

This method assumes o2 (the variance of lnX) is unchanged regardless of whether the
null hypothesis H or alternate hypothesis Hi is true; however, because of the assumotion that x is lognor-
mally distrbuted, he variances of the maintenance times d2 and di are not equal.

The null hypothesis is

HO: p < #Ao = specified mean ofx (5.50)

The alternate hypothesis Is

HI: p >p1l - speclfledmeanofx (5-5)

The accept-reject rules are

Accept Ho if )r<#. + Z0. dand Xi 1 -Zp d

Reject H. otherwise,

where: ,

do - PUT
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660 ALLOCATION OF MAN-MACHINE RELIABILITY

6&I Intrdmution

This chapter presents an allocation methodology which is based on conventional
optimiation techniques and permits equipment acquisition and human operator/maintainer constraints
to be readily addrseed. The methodology incorporates the human as a part of the system by combining
the human reliability results described in the previous chapters with conventional hardwae reliability
models. A simple example is provided to illustrate application of the methodology.

6,2 lk Conmepts

The central concept of the man-machine allocation is the "Operational Reliability"
concept (Ref 37).

The Operational Reliability concept extends conventional reliability concepts. It
considers the human as an integral part of the system and considers the fact that systems are frequently
developed for more than one mission. Operational Reliability is defined as the probability of successful
operation of a total man-machine system over all mission employments of that system. The man-machine
system consists of the system hardware, software, interfaces and personnel. In quantitative terms. Opera-
tional Reliability is written as:

Rop = E ri  (6-1)

where the pi's represent the probabilities that certain missions will be employed and the ri's are the mission
reliabilities. The expressions selected for the mission reliabilities will include the hwan element. The
Operational Reliability concept can be combined with cost and personnel constraints and the human
reliability models to permit the optimal allocation of reliability to man-machine system elements.

Ui3 Fomubto of the Allotim Muthod

Mission reliability and operational readiness are the best parameters for optimiza.
tion because of their wide applicability. Other parameters that could be selected are mean-time-to-failure
and mean-time-to-repair, but these should only be used as a descriptor of mission reliability and operational
readiness. Availability may be used in place of operational readiness depending on the planned ue of the
system, Bazovski (Ref. 4) provides an excellent discussion for distinguishing between readiness and vai-
ability. The parameters selected provide a direct link between high level effectiveness requirements and
component oriented design parameters such as MTBF, MTTR, and numbers and skill level of personnel.

To apply mission reliability and operational readiness to the allocation, first identify
critical functions and their reliability and maintainability design parameters and use these to write expre-
sions for the mission reliability and operational readiness of the man-machine system, The mission reli-
ability expression plays a dual role since it provides an input to the expression for operational reliability
and to the mission reliability constraint, One mission reliability constraint equation and one operational
readiness equation must be written for each mission.

Cost and personnel constraints must also be constructed. Personnel can be specified
many ways. For purposes of the allocation, the most convenient way is to specif numbers of men at die.
crete kill level. This method allows dear definition of the effect of the human component on system
mission reliability and operational readiness. For example, crew size and skill level can be related to MirP,
which also impacts operational readiness and mission reliability (where repair is a factor). Numbers and
sdll levels are critical parameters in the human reliability models.
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Acquisition cost, support cost, and life cycle cost can all be used as constraints.
One important consideration is that optimizing against one type of cost constraint does not necessarily
optimize against the others. Regardless of the cost constraint selected, the cost of the system must be
defined in terms of human and hardware contributions and in terms of the basic design parameters to be
allocated.

The allocation problem can be written as an optimization problem. The parameters
to be optimized would be, for example, function MTBF, function MTTR, and numbers and skill levels
of personnel. The problem formulation would be:

Maximize Rop = 2 piri (6-2)

i

subject to

Mission reliability = Rm

Operational readiness - Por >"'%

Personnel a N <

Cost a U<C

Constraints are written as vectors to represent the fact that there will be one set of constraint equations
for each mission. Equation 6-2 leads directly to the standard form for optimization problems. Additional
equations which can be used in the optimization process were given as equations 5-21 through 5-28.

Conventional methods can be employed to solve the allocation problem for the
design parameters which are used as the basic set of variables. Dynamic programming is the most straight-
forward method of solution. Other methods can also be used.

The presentation of the formulation of the allocation problem has been quite gen-
eand. Any number of practical situations in both the commercial and military fields can be represented
according to the choice of requirements and constraints. To show how one might apply this general formu-
lation to a practical situation, a simple example has been pr.ovided in the following section. The example
also shows how the mathematics becomes rather complicated even when a simple system is analyzed.

64 Simple Aletion Problem

In this section the formulation of a specific allocation problem will be illustrated.
A very simple system configuration, shown in figure 61, will be used. Here, the X's and p's correspond to
failure rates and repair rates for their respective system components. At this point, no assumption is made
about their mathematical characteristics.

For simplicity, the simple system has no human operator functions, but does have
human maintainer fuanctons, defined by repair rates. The maintainers are of two skill levels, represented
by El and E2

The system will be employed on only two missions, A and B. with mission probabil-
ites PA and pg, and mission times TA and TB. Each mision requires a mision reliability, rA and rn,
and an operational reliability, X , andXk. Regardless of mission, the number of maintenance men cannot
exceed N and the cost of the enAr system, men and machines, cannot exceed C.

6-2
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Figure 6. 1. System Configuration for Sample Problem

For our "first order" approach, the repair rate is considered a constant. and the
probability of correct repair is represented by

P#A~t) -l-eOA

Note that according to chapter 5, ga. mean timie to repair, is a fuanction of personnel number and skill le'vel
etoipht con-iur n n2, ,weeaadaatc.eso ananr;a ah kl ee 0i hso tat ~ * ~~n1,n~, . ,wher ~n n2 aenmer fmntiesteahsileelada~steequpmet cnfgottio ipact. P (& then, is actually, P(n I, n2, oo, tl. The maintenance power modelcan be matnipulated to show that

where. for the example MT M HE '

%eaaverage sktill level *, 1 14 2

Is derived from assagnment probabilities and equipment repair characteristics as they impact repairs by
given numbers of nun as. described In the discussion of baodc oncepts.
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The reliability function for the system is given by:
s t s t
2 1

R(It) = R(Xi, X2.n,n 2 ,p, t) Ste IS2e (6)t
Is 2  Xe 

where

S [3() 2 + 2  4) 2 +6X 2 2 +p 2

is = --A~ [3X 2 + 'Ad+,), 2 
2 +6X2A2 + A2 2

To .rite operational readiness, Bazovsky's expression must be modified to account for preventive
maintenance.
The following equation provides the appropriate expression for operational readiness.

POR(Z t) = POR(XI, ?2' nI, n2. $A& t) = R(Z:t) + ~i(Z;t)Pi Or < t ()
i (6-6)

+ iFi(Zt)Pi(tr <tc)

where the latter summation is the preventive maintenance analog to the corrective maintenance summation
of Bazovsky. For the example under consideration:

PoR(Z=t) R(Z;t) + Ql(Z;t)P(pj ,tc ) + 2Q0,1.t)P(jL,Tc) (6-7)

+ Fi(Zt)Pi(tc ) + 2Fi(t)P2(tc)

From equations 6-5 and 6-7, the operational reliability expression, the mission reliability and the opera-
tional readiness constraints can be written as:

= PAR(Z TA) + PBR(Z;TB) (6-8)

SITA S2 TA - sITA
le T 3 e i S

As2 TB - s TB

6 I - s 2
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is "
R(Z ;TA) + Q I(Z ;,TA )P(pI .t ) t 2Q, (Z.TA) P (AP dt)

+ FI(;TA)Pl(tc) + 2F)(;TA)P2tc) > XA

R(-Z;TB) + Q1(Z;TB)P(i ,tc) + 2%2 (TB)P(u,.tc)

+ Fl(I;TB)Plltc) + 2F,(Z;TB)P2(tc) > X8

The personnel constraint is easier to write as follows:

n,+ n2  N (6-9)

The cost model can be written a variety of ways. depending cvi the choice of cost
model. For this simplified example, costs are modeled by:

C hardware - A6-J0)

C personnel kn

For the example, the total system cost constraint is given by:

K0 (-L, + Kin,+K 2  C(
;ki A2

Even with the simplifications made, a dynamic programming solution is required.

Simulation models can also be used to allocate man-machine reliability. The outputs
of the human reliability prediction simulations described in chapters 3 and 4 can be combined with dyna-
mic programming algorithms for optimum allocation (figure 6.2). These programs provide output of suffl.
cient detail to permit suboptimization.
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APPENDIX A VARIABLES AND FORTRAN CODES

This appendix lists and defines the variables in the digital simulation program as follows:

* Appendix AlI - variables in the progrim for the 1-2 man digital simulation model

0 Appendix A2 -principal subscript variables and FORTRAN codes for the 4-20

man digital simulation model

K
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APPENDIX Al: LIST OF VARIABLES FOR PREPROCESSOR

This appendix lists and defines the variables in the digital simulation program for the 1-2 technician model.
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Variable List for Preprocessor
(Subroutine RAM)

FORTRZAN IV
Pfo'w.um Name De.6ci.ption

AID(I,J) Average increase or decrease in Pij for individual
task elements.

ICE(I,J) It's close enough indicator, adjustment to within
.01 of the theoretically perfect combination of
probabilities was considered sufficient.

IOK Counter to determine when all probabilities have
been adjusted to acceptable values.

JAG(IJ) Technician type of each crewman.

NG(JAG,J) Number of task element success probability before
manipulation.

PG(JAGJ) Cummulative probability of success of task elements
within each job activity group.

INR(JAG,J) The NGth root of SPOG.

IP(JAG,J) The total potential increase for all task elements
in each job activity group.

SPOG(JOG,JOT) The overall success probability of each technician
type on each job activity group.

AI..
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Variable List for Main Routine

TORTRANI IV Symbol WMed
So rw Name e,6c&iption in Repo'dz

Al Average time at which a task was completed
by operator 1, taken over a run (summary run
output).

A2 Average time at which a task was completed
by operator 2, taken over a run (summary run
output).

A3 Frequency distribution-average stress over a
run at the beginning of each task for operator
1, (summary run output).

A4 Frequency distribution-average stress over a
run at the beginning of each task for operator
2, (summary run output).

ADDSTR Stress additive. Aj

AFS Average final stress over N iterations (summary
run output).

ALPH Joint task indicator (detailed output).

APS Average peak stress over N iterations (summary
run output).

ASTS Average starting total stress per task, per
operator.

ATMU Average time to complete each task and all pre-
ceding tasks.

ATU Average time used over N iterations (summary
run output).

ATW Average waiting time over N iterations (summary
run output).

AUGSTR Augmented stress= total strPss. Sij

AVD Average final goal aspiration difference over
N iterations.
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Variable List for Main Routine (cont.)

AVGCOH Frequency distribution-average cohesiveness for
each task over a run (summary run output).

AVGTM Average task execution time (input) t

AVGTMD Time deviation-average sigma (input). a

BLK Temporary storage block for the calculation of
a success probability modifier.

BLOCK Average of ISUMF and ISUMI.

COHES Cohesiveness. Cij

COHLAS Last cohesiveness value (summary iteration out-
put).

CONVER Conversion constants for time scaling.

4 CWAIT Total time spent for cyclic wait during an ite-
ration (summary iteration output).

DT Difference (time used-time available).

ESS Essentiality indicator (input). Eij

F02 Constant= 0.02.

GOF Total number of task failures during iteration.

GOSF Total number of all tasks during an iteration.

HEAD Designator for title of plotted results.

I Task number.

IASTS Count of the number of tasks per iteration.

IAVG Count of successful tasks per iteration.

ICALI Indicator for entry/reentry to input subroutine.

ICHNG Number of iterations before output type is changed
(input).
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Variable List for Main Routine (cont.)

IFREQ Frequency distribution-number of items that each
task was ignored (summary run output).

IFREQF Frequency distribution-number of times that each
indicated task was failed (summary run output).

IFREQL Frequency distribution-nunber of times that each
task was the last task completed (summary run
output).

IGNORE Flag for essential/non essential tasks.

IN Standard system input tape number= 5.

INDI Idicator for number of times random number gene-
rator is called before run starts (input).

IND2 Type of output for first ICHNG iterations (input).

IND3 Subtracted from IND2 after ICHNG iterations.
Controls level of detail of output for first ICiNG
iterations (input).

IND4 Always equal 1 (input) (could be deleted).

IND5 Unit code for time units (input).

10 Standard system output magnetic tape number= 6.

IP Other operator- partner

IPKF Frequency distribution-number of times peak
stress occurred on specific task (summary run
output).

IPREC Task precedence (input). d*ij

IPRECS Temporary for IPREC.

IQ Temporary for NXTS.

IRET Indicator for goal aspiration program segment
entry.

ISTRS Task number on which peak stress occurred (sum-
mary iteration output).

A-8
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SVariable List for Main Routine (cont.)
ISUC Indicator for task success or failure.

ISUMI Total number of tasks ignored over a run (sum-
mary run output).

ISU4F Total number of task failures over a run (summary
run output).

ITASK Current task number.

ITER Iteration number (iteration summary output).

ITMUP Iterim variable in the calculation of the staring
time for cyclic task.

J Operator number.

JP Other operator designator.

JT Temporary location for JP,J.

K Operator number (iteration summary output).

NINPC Number of task data cards, also the sum of the
last task number for each operator (input).

NMAX Number of tasks for the operator who possess the
greater number of tasks.

NOTSK Average number of all tasks per iteration over N

iterations.

NRUN Run number.

NTASK Number of tasks assigaed to each operator.

NUMCO! Number of tasks in which cohesiveness is calculated.

NUMIT Number of iterations per run (input). N

NUMRUN Number of runs (input).

NUMSUC Number of iteration successes per run.

NUMTRL Trial number.

NXTF Number of next task if current task is failed
(input). (iDlf
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Variable List for Main Routine (cont.)

NXTJ Next task indicator for current operator on special
jump task.

NXTjP Next task indicator for partner on special jump task.
ii

NXTS Number of next task if current task is successful( input). 411 )zs

OT Indicator of task success (blank), failure (F), or
ignore (I).

OV Overrun/underrun indicator (iteration summary out-
put).

PERF Performance- number of success/total number of
tasks.

PI Constant- 3.141...

PRRSUC Average probability of task success, probability
that next task will be NXTS. Pij

PRD Period for cyclic tasks (input parameter). Pj

PRSUC Percentage of iteration successes in a run.

PV1 Three dimensional array for storage of dependent

variable plots.

PV2 Three dimensional array for storage of independent
variable plots.

RDEV Random number normally distributed with mean- 0,
end sigma- 1.

SFi Success/failure indicator.

SPEED Individuality factor (input parameter). F

STRM Stress threshold (input parameter). Nj

STR Stress, also final stress at end of iteration. sij

STRS Peak stress of an iteration (summary iteration out-
put).
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Variable List for Main Routine (cont.)

SUMCOH Sum of cohesiveness values over an iteration.

SUMTF Total time of all failed tasks over a run (run
summary output).

SWAIT Average cyclic wait over N iterations (summary run

output).

T1 Temporary for total time remaining.

T2 Temporary for time remaining for essential tasks.

T3 Temporary for time remaining for non-essential
tasks.

TEMP Larger of two operators' time available.

TIME Task execution time. t

TITLE First card of input.

{. TMAVA Time available for mission (input parameter). Tj

TMBEG Temporary for the time of beginning a task.

E
TMLE Sum of time remaining for essential tasks. TT~ij

TMLN Sum of time remaining for non-essential tasks. TN
ii

TMU Total time used for all prior tasks for current
operator T.

TOTALT Total time used for iteration (summary iteration
output).

TOTTMI Task waiting time (detail output).

TOTT14S Total waiting time (summary iteration ouput).

TSJ4TF Frequency distribution-total time spent in failed

tasks (summary run output), also average of above
over a run).

TWOPI 2 - PI- 6.28...

XiAND Random number uniformly distributed in interval 0 - 1.
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APPENDIX AZ - PRINCIPAL SUBSCRIPT VARIABLES AND FORTRAN CODES
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Principle Subscript Variables

Variable Value Maximum Value
Event number* IE 200 Ta uTAX

m Event type IETYP 30.-
Day number ND 30 N1MAX

Consumable L 10 LJAX
Spare parts Li 10 LMAX1

consumable
Type of personnel NT 10 NTMAX

Next event alternative IA 3

Command eschelon ICE 4
(Also called level or rank)

1. officer
2. senior p.o.
3. junior p.o.
4. unrated

Type of emergency K 10 KMAX

Equipment IQ 30 IQMAX

Crew member M 20 IC
Consumable threshold ITS1 10 ITMAXI

(units)
Consumable threshold set ITS 10 ITSMAX

~(units/tim)
Sea state IS 9 ISKAX
Group member IG 20 NB
Duty shifts NDS 6 NDSMAX

Equipment type JET 4 JETMAX

1. mechanical
2. electromechanical
3. electrical
4. electronic

Data change value IEDCV 3 IEDCUM

*Scheduled events are numbered 1-200. Repair event fAmilies are given numbers
201-560 since each of the 30 equipment repairs may call for a family of up
to 12 repair events. Emergency events are given nubers 561-570 by the programt
corresponding to emergency types 1-10.
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INPUT Subroutine

FORTRAN Description

AASP Average aspiration

ACP Average crew pace

ADUR Average duration of scheduled event

ADURIO Internal variable

APST Average psychological stress threshold

ART Average repair time
ASD Average standard deviation of repair

ASDE Average standard deviation of emergency
BE Effectivity of stress

CALRY Number of calories required by average crewman per day

CN Catnap length

DI Alphanumeric descriptor array

DTBE Duration time between emergencies

DTE Duration time of emergencies

DTR Duration time of repairs

DUY Internal variable
EDCV Data change value

E REVT Emergency event data set

EQREVT Repair event data set
FPI Internal variable
FP2 Internal variable

FP3 Internal variable

FP4 Internal variable

FP5 Internal variable
GBG Internal variable

I Internal variable
ICLASS Class

IDES Description array

IDF Day number of next failure for each piece of equipment

IDS Number of duty shifts

IEC Expected energy consumption

IECE Expected energy consumption for emergency

IEDC Data change variable

IEFN Family number

IEFNX Temporary variable

IERR Error branch

lESS Essentiality
IESSE Emergency essentiality

JET Essentiality threshold

JETYP Event number

IFOI Event number in family

IGRG Internal array

IH Event hazard class

IHE Event hazard class (emergency)

II Index variable

IND Printout option indicator array

IWt Event code

IPI Internal variable

IP2 Internal variable
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~INPUJT Subroutine
FORTRAN Description

IP3 Internal variable

IP4 Internal variable
IP5 Internal variable
IPE Prerequisite event
IPERCT Internal variable
IQR Equipment list
IRC Consumable rate of expenditure (units/hours)

IRC1 Consumable rate of expenditure (units)

IRCE Consumable rate of expenditure (units/hours)--emergencies
IRCEI Consumable rate of expenditure (units)--emergencies

IRE Number of repair events
IREX Repair event number maximum
ITEM Temporary variable
ITER Iteration number
J Index variable

JJ Index variable

K Type of emergency
KI Physical capacitation fraction

K7 Deratiny corstant
KASE Case number
KE Event end type
KK Index variable
KON Initial level of consumables (units/hours)
KONI Initial level of consumables (units)
KONT Threshold consumables (units/hours)
KONTI Threshold consumables (units)
LODM Mental load

LODME Mental load for emergency

MAXSL Maximum sleep
MEN Crew composition array
Mm Internal variable
MPI Average number of man days per indidence of physical incapacitation

N Number of iterations
ND Number of days
NDBE Number of days between emergencies
NDMAX Maximum number of days

NDS Duty shift
NEME Number of emergencies
NEQRE Number of equipments required
NFP1 Internal variable
NFP2 Internal variable
NFP3 Internal variable
NFP4 Internal variable

NFP5 Internal variable
NIF Number of family
NIPI Internal variable
NIP2 Internal variable
NIP3 Internal variable
NTP4 Internal variable
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INPUT Subrout ine
FORTRAN Description

NIPS Internal variable
NIQR Equipment used array
NOSs Number of scheduled events
NM Number of men required by type for emergency
RITYPES Number of types
NX Next event number for each alternative
PARAI Common block
PERSNL Common block
PID Average duration of physical incapacity
PPFQ Per cent fully qualified in primary specialty
PP"N Per cent moderately qualified in primary specialty
PPUQ Per cent unqualified in primary specialty
FiB Probability for each alternative path
PIT Cross training probability table
Prt? Common block
PWRRT Average short term power output
ALIH Equipment reliability

RMLl Intermittent reliability
RTU Repair touchup code
SCHMVY Internal vdriable
SESTA Sea state
SIGWT Standard deviation of body weight
SLEEP Number of hours since last eight hour sleep period
SPFQ Per cent fully qualified in secondary specialty
SPHQ Per cent minimally qualified in secondary specialty
SPUQ Per cent unqualified in secondary specialty
ST Earliest starting time allowed
TFAT Fatigue threshold
TL Time limit by which event must he completed
TS Consumable threshold set identifier (units/hours)
TSI Consumable threshold set identifier (units)
TSE Threshold set for consumables below which event is ignored

(units/hours)
TSE Threshold set for consumables below which event is ignored

(units)
TSR Threshold set for consumables below which emergency is lqnorod

(units)
TSRI Threshold set for consumables below which emergency is ignored

(uni ta/hours)
TUI Intermittent reliability
TYPE Internal variable
USHLIN Per cent threshold for unmanned station hours
WORKI Number of hours worked after which no new work assignment is made
WORK2 Number of hours worked after which no new work is authorised
WT Mean body weight
IPC Physical capability constant



W NPV40 -RXO"k

MAIN Program

FORTRAN Desecriptoi

EF Goodness of physical capability value

EH Event hazard
ENTBF Equipment meantime between failures
EMTTk Equipment meantime to repair
EPEFF Equipment performance effectiveness
EPL Equipment performance level
ES Goodness of stress value

ESSS Temporary variable
ETEM Temporary variable
EXER Overexertion factor used in physical capability calculation

FAT Fatigue level for each man in crew
FDIFF Failure difference
FLIC Number of men in crew
FLIG Number of crew members in group participation in current event
FLOAT Conversion to real
FUNC Function
GASP Group aspiration level
GPACE Group pace value used in performance time calculation
GPCC Group physical capability
GPERF Group performance
GSTR Group stress
GSTRM Group stress threshold

- HEADR Program header

HR Hazard ratio used in SI calculations
IIRSE Total man hours worked on emergency events for the day
IIRSR Total man hours worked on repair events for the .day
HRSS Total man hours worked on scheduled events for the day
HSLS Number of hours since last slept for each man in crew
- Index variable
IAA Number of men in crew for each echelon
IC Maximum number of crewmen

ICE Command echelon for each crewman
ICLASS Class
ZCNL Event with maximum CML for the day

ICSS Current sea state
IDC Calories expended for the day for each crewman
IDCNX Event with maximum calories expended for the day

IDE Day number of next occurrence for each emergency event
IDF Day number of next failure for each piece of equipment
IDFFF Internal variable

IDIFR Internal variable
IDIFR Internal variable
IDIFF Internal variable

IDS Number of duty shifts
IE Event number
IEC Expected energy consumption during event (calories per hour)

IECE Expected energy consumption during emergency event
(calories per hour)

IEDC Data change variable
IEFN Family number

I--
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MAIN Program

FORTRAN Description

AASP Average aspiration

ABS Absolute value
ACAL Calories expended since last slept for each man in crew
ACART Average repair time per day

ACP Average crew pace
ACDT Average dow time per day
ACUT Average up time per day
ADUR Average duration of scheduled event (hours)
ADUR2 One half of average duration
ADURIO Average duration of scheduled event in type data
AEPL Average equipment performance level
AMAXI Maximum value
AMINI Minimum value
APA Average performance adequacy
APST Average psychological stress threshold
APW Average physical workload for the day for each man in crew
ART Average repair time
ASD Standard deviation of ADUR
ASDE Average standard deviation (emergency)

ASP Level of aspiration at beginning of iteration for each man in crew
ATEM Temporary variable
BE Effectivity stress on performance on a no-stress state
BLANK Temporary variable
BTEM Temporary variaLle
CAL Average calories expended per day for each man in crew
CALR Intermediate calculation used in crew selection process

CALRY Number of calories required by average crewman per day
CART Current average repair time

CASP Current level of aspiration for each man in crew
CCAL Calories expended for the event for each man in crew
CCI Initial crew competence
ClYr Current downtime
CLSDTA Internal array for summary by event class

CLSDTR Internal array for summary by event class
CML Crew mental load

CNL14X Maximum crew mental load obtained for an event during the day
Cm Catnap length. Below considered rest. Above is sleep.
CTEN Temporary variable

CUT Current uptime
DEPEFF Average equipment performance effectiveness
DI Alphanumeric descriptor array
DS Amount of sleep for the day for each man in crew
OTBE Duration time between emergencies
DTE Duration time of emergencies
DTEM Temporary variable
DTR Duration time of repair
EA Goodness of aspiration value

EC Goodness of competence value

EDCV Data change value
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MAIN Program

FORTRAN Description

IEIE Counter for number of different events attempted for the day

IEMAX Maximum number of events
lESS Event essentiality

IESSE Emergency event essentiality
IET Essentiality threshold. Determines ignores.
IETYP Event type number
IEVENT Event to be simulated for the day
IFIRST Temporary variable
IFOI Group member
IGAP Internal variable
IGIND Indicator for cause of ignored event
IGNOR indicatur for ignored event (1= event ignored)
Ill Event hazard class (1-3= low, 4-6= medium, 7-9= heavy)
INE Event hazard class (emergency)

II Index viriable
III Index variable

IKONC Internal variable
IKONE Internal variable
IND Indicators for output recording options
INIF Internal variable
INIQ Internal variable
INT Event code (1= normal, 2= training)
INVS Inverse pointer array
IOIF Operator induced failure
IPE Prerequisite event

IPET Previous event indicator
IPI Incomplete processing indicator
IPS Primary specialty for each crewman
IPSS First 20 slots same as IPS, second 20 slots same as ISS
IPTR Pointer array for events
IQMAX Maximum number of pieces of equipment for repair events
IQR Equipment list

IRC Consumable rate of expenditure (units/hours)
IRCI Consumable rate of expenditure (units)

IRCE Consumable rate of expenditure for emergencies (units/hours)
IRCEI Consumable rate of expenditure for emergencies (units)
IRE Number of repair events

ISlE Internal variable
ISS Secondary specialty for each man in crew
IST Internal variable
ISWI Internal variable

ITAP Tape option
ITEM Temporary variable
ITER Current interaction
ITRY Counter for number of attempts with current event
ITYPE Type for which man was selected for event for each man in group
IXDF Internal variable
IXDFI Internal variable
J Internal variable
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MAIN Program

FORTRAN Description

JI Internal variable

jJ Internal variable

JNDS Internal variable

K Type of emergency

K1 Fraction to which a man's physical capability is reduced

K7 Derating constant for acceptable performance

KA Number of crew members available for selection for current event

KASE Case number

KE Evcnt end time type (1
= fixed end, 2= variable end)

KIND InC'icator in group selection process (0
= 
searching primary

specialties, I= secondary)

KK Internal variable

KMAX Maximum number of types of emergency events

KON Initial level of consumable (units/hours)

KONI Initial level of consumable (units)

KONC Current consumable Jevel for each consumable (units/hours)

KONCI Current consumable level for each consumable (units)

KONE Consumables expended for the event forceach man in group

KONE1 Consuirables expended (units)

KONT Consumable threshold (units/hours)

KONT1 Consumable threshold (units)

KOUNT ,Internal variable

LI Crewman chosen as leader for this event

LL Internal variable

LMAX Maximum number of consumables (units/hours)

LMAX1 Maximum number of spare parts consumables (units)

LODM Event mental load (1-3 light, 406 medium, 7-9 heavy)

LODME Mental load (emergencies)

LSHIFT Internal variable
M Crewman number
MA Man selected for the event by type
MAT Man selected for the event

AVAIL Man selected for the event

MAXSL Maximum sleep permitted per day (hour)

MAXST Maximum stress obtained for any event during the day

MAXSTE Event on which maximum stress was obtained

MCHSN Indicator for man selected for the event (0=~ not selected;
1= selected)

MEN Crew composition, number of men of each type by crew selection

MPCC Maximum physical capability for the day for each man in crew

MPI Average number of man days per indices of physical incapacitation

N Number of mission iterations per computer run

ND Number of days, current number

NDAYS Total number of days in the simulation (updated after each
iteration completed)

NDBE Number of days between emergencies

NDMAX Maximum number of days

A-22
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MAIN Program

K FORTRAN Description

NDS Duty shifts
NE Number of emergency events to be simulated this day
NINE Temporary variable
NEQRE Number of equipments (emergencies)
NFALE Number of failures for this day
NIF Number in family
NIGNR Number of ignored events for this day
NIQR Number of equipments in repair
NKASES Number of cases
NKOINT Internal variable
NN Temporary variable
NOFAIL Number of failures for iteration for each crewman
NOIF Number of operator induced failures (counter)
NOIFT Total number of operator induced failures
NOSE Number of scheduled events
NOSE1 Temporary variable
NOSUC Number of successes for iteration for each man in crew
NPI Number of crewmaen to be incapacitated thin day
NPRFN Number of events performed
NPTR Pointer array if in event sequencing
NR Repair number, numbez of repair events to be simulated this day
NREPT Number of events repeated this day
NREQ Number of men of each type required by event
NREQE Number of men of each type required for an emergency
NREQT Number of men required Tor the event for each type
NS Sickness indicator for each man in crew (0- wll, I- sick)
NSUCI Number of successes on the first try this day
NSUC2 Number of successes on the second try this day
NT1AX Maximum number of types of personnel
NU Number of successes for the day for each crewman
NUNFAN Number of families
NX Next event number for each alternative
PA Performance adequacy
PACE Working pace for each man in crew
PAP Pace adjustment factor used in calculations GPACE
PC Physical capability at iteration start for each crewman
PC Current physical capability for each crewman
PCDUM Equipment to PPFQ, PPMV. P11U, SPFQ, SPMQ, 811Q
PCOM Primary competence for each crewman
PEA Temporary variable
PEFF Performance effectiveness
PERF Performance level for each crewman
PI Physical incapacity for each crewman
P12 Number of future days of physical incapacity for each crewman
PID Average duration of physical incapacity (days)
PPPQ Per cent of crew fully qualified in primary specialty
PPMQ Per cent of crew minimally qualified in primary specialty
PPUQ Per cent of crew unqualified in primary specialty
PRB Probability of each alternative path after current event
PSCON PCOM (1-20) and SCON (1-20)
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M AIN 1'ro lrdm-
FORTRAN Descri pt i on

PSESIC Per cent seasick
PT Performance time for each event
PTR Sequencial order of events for the day
PTT Cross training probability table. Given primary by secondary.
PWR Average short term power output rate for each crewman
PWRRT Average short term power output rate for average crewman

(calories/hours)

REUl Equipment reliability
RELI Intermittent reliability
REPAIR Variable to determine if event is repair event
REPTH Repair time
RSSUC2 Number of repair successeu on second try
RTEMP Temporary variable
RTU Action if event performance is unsatisfactory (I- repeat.

2 touchup, 3- no action)
SCO1 Secondary competence for each man in crew
SCDTIQ Summation of down time
SEF Efficiency factor
SESTA Sea state
SF Slowness factor used in computing (PACE
SFDIFF Failure difference

SFTHRS Shift hours
SGEM System general effectiveness measure
Si Safety index

SIDC Total calories expended this event
SIDCMX Maximum SIIC for any event this day
SIGWT Standard deviation for work time
SLEEP Number of hours since last 8 hour sleep period
SPFQ Per cent of crew fully qualified by crewman at mission start
SPL System performance level
SPHQ Per cent of crew minimally qualified in secondary specialty
SPUQ Per cent of crew unqualified in secondary specialty

SRL System reliability level
ST Earliest starting time allowed (hours)
STAR Star
STRN Psychological stress for each crewman
SUCC Evaluation indicators for each man eligible for the event
TAVAIL Testing criterion for each man eligible for the event

SUCC Evaluation indicators for each man eligible for the event
TEl Total event hazard for the day
TEMI Temporary variable
TEN2 Temporary variable
TBM3 Temporary variable
TEMP Temporary variable
TFAT Fatigue threshold below which sleep is not authorised
THW Total hours worked for the crew for the day
TITLE Program title
TL Time limit by which event must be completed (hours)
TPCON Temporary primary competence
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MAIN P roirdm,

FORTRAN Descript ion

TPSCON Temporary/secondary competence array
TS Consumable threshold set identifier (units/hour)
TS1 Consumable threshold set identifier (units)
TSCOK Temporary secondary competence
TSE Consumable threshold for emergencies (units/hours)
TSEl Consumable threshold emergencies (units)
TUI Intermittent failure rate
TW Working time for the day for each crewman
TWP Working time in primary specialty for each crewman
TIS Working time in secondary specialty for each crewman
USH Unmanned station hours for the current event
USHLIN Per cent threshold for unmanned station hours
USHT Total unmanned station hours for the day
V Value of time function used in computing performance time
WH Time since last event participation for each crewman, wait hours
WORK1 Number of hours worked after which no new assignments are made
WORK 2 Number of hours worked after which further work is not authorized
WT Mean body weight of total population (ibs)
YU Internal variable
Z Last real time worked this day for each crewman
Zi Earliest time when all group members are available

p Z2 Earliest time current event can begin
ZC Real time of completion for eaci event
ZPC Physical capability constatt
ZTEMP Temporary variable

A-25



IPUYSm Function Subprogram

FOR~tRAN Descript ion

IPUISt Uniform probability test function
K Tmporary probability variable
PAR Type of emergency
TST To.torary variable
STemporary variable

FRUIWLL Function Subprogram

FOWRAN Description

FBUILD Function subprogram
a Temporary variable
HSLS Hours since last slept
l"fi Teporary variable
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iOUTPUT Subprogram

FORTRAN Desc r iption

AASP Average aspiration

ACART Average repair time per day

ACDT Average down time per day
ACP Average crew pace

ACUT Average up time per day

ADALY Internal array for daily summary
AEPL Average equipment performance level

APA Average performance adequacy

APST Average psychological stress threshold

APW Average physical workload

ASP Aspiration
ASPA Temporary aspiration

AVACA Total ACART per day
AVACD Total ACDT per day

AVACU Total ACUT per day
AVAEP Total AEPL per day

AVDEP Total DEPEFF per day
BE Effectivity of stress on performance

CAL Average calories expended per day for each man in crew

CALRY Number of calories required by average crewman per day

CART Current average repair time

CARTI Internal array for average repair time

CASP Current aspiration
CCAL Current calorie level

CDT Current down time

CDTI Internal array for downtime
CI Blanks
CLSDTA Internal array for summary by event class

CISDTI Internal array for summary by event class
CLSDTR Internal array for summary by event class

CKL Crew mental load

CML14X Crew mental load (maximum)
CN Catnap length

CUT Current up time

CUTI Internal array for uptime

DALY Output array
DEPEFF Average equipment performance effectiveness
DI Alphanumeric description array

DS Amount of sleep for the day
EDCV Data change value
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OUTPUT Subroutine

FORTRAN Description

SEquipment mean time between failures
EMRR Equipment mean time to repair
EPaF Equipment performance effectiveness

ZPL Equipment performance level
ZQYPTA Equipment availability

ZQYPTA Equipment reliability
FAT Fatigue
FD Temporary variable

?PEWSF Equipment WITR
FLIC Crew size (floating point)
FLITER Iteration (floating point)
FLOAT Floating point
FNTE Number of total events (floating point)
HMNAV Human availability

HNHRL Human reliability
HJWTR Human 4TTR
HRSE Hours worked on emergency
HRSR Hours worked on repairs
HRSS Hours worked on scheduled events

HSLS Hours since last slept

*HSLSA Reinitialization of hours since last slept
I Internal variable
IAA Crew echelon number
IC Maximm number of crewmaen
ICF Command eschelon
ICKL Crew mental load

ICSS Current sea state
IDALY1 Internal array for daily summary

IDC Data change
IDCNX Data change maximum
IDR Repair identification
IEDC Data change variable

IEFN Family number
lET Essentiality threshold

IYP Event type number
IFOI Event number in family code
IITEH Temporary variable
IJ Internal variable
I]NC Internal variable
INTAB Output array
IND Indicators
IPE Prerequisite event

IPS Primary specialty
IQN X Maximum number of pieces of equipment or repair events
188 Secondary specialty for each man in crew

ITER Iteration

J Temporary variable
JITER Internal array for daily summary
K Type of emergency
KI Fraction to which a man's physical capability is reduced after

daily quota is done
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OUTPUT Subroutitmi

FORTRAN Description

K7 Derating constant for acceptable performance

KK Internal variable
KON Initial level of consumable (units/hours)
KONI Initial level of consumables (units)
KONC Current consumable level (units/hours)

KONCI Current consumable level (units)

KONT Consumable threshold (units/hours)

KONTI Consumable threshold (units)

MAXSL Maximum sleep permitted per day

MAXST Maximum stress for any event -

14AXSTE Event of maximum stress
MPCC Maximum physical capability

N Number of iterations

NISI Internal variable

ND Number of days

NDAYS Days in simulation
NDMAX Maximum number of days

NE Number of emergency events
NEME Temporary variable
NEQRE Number of equipments emerging
NFALE Number of failures this day

NIF Number in family

t NIGNR Number of events ignored
NOSE Number of scheduled events
NPRFM Number of events performed
NR Number of repairs
NREI Total repairs for the run
NREPT Number of repeats
NSUCI Number of successes in first try
NSUC2 Number of successes in second try
NTF Total number of events
NTIPL Number of men in each type
NU Number of daily successes by crewman

NX Next event number for each alternative
OUTA Internal array
OUTB Output array
PACE Working pace
PACRA Reinitialization of work pace

PC Physical capability

nCA Rlenitialization of physical capability
PCC Current physical capability
PCOM Primary competence

PCOMA Reinitialization of primary competence

PUFF Performance effectiveness
PER? Performance level by crewman
PI Physical incapability
P12 Number of future days of physical incapacity for each crewman

PIA Reinitialization of physical capacity by crewman

PRR Probability for each alternative path after current event

.....



OUTPUT Subroutine

FORTRAN Descr iption

PWR Average short term output for average crewman
PWRRT Average short term output for average crewman

RELI Intermittent reliability
RENT Temporary variable for equipment mean time between failure

REKTR Temporary variable for equipment mean time to repair

REPT14 Repair time

REPTND Repair time per day
RSSUCZ Number repair successes on second try
RSSUC2D Internal variable
RSTOT Total number of successes on second try for all iterations
RTU Action if event performance is unsatisfactory
SCDTIQ Summation of CDT
SCOM Secondary competence
SCONA Secondary competence reinitialized
SESTA Sea state
SFDIPF Failure difference

SGEM General system measure
SI Safety index

SIDKX Maximum calories expended for this event

SLEEP Number of hours since last 8 hour sleep period

SPL System performance level
SRL System reliability leve;

ST Earliest starting time allowed (hours)
STRM Stress threshold
SYSA System availability
SYSRL System reliability
T3 Temporary variable

TOALY Daily total output array
TEH Total daily event hazard

TEMl Temporary variable
TEM3 Temporary variable
TFAT Fatigue threshold
TIITER Iteration summary array
TL Time limit by which event must be completed (hours)
TOT Internal variable

TOUTA Internal array

TPCON Temporary primary competence
TS Consumable threshold set identification (units/hours)
TSI Consumable threshold set identifier (units)

TSCON Temporary secondary competence
TW Time worked
TWP Time worked in primary

TWS Time worked in secondary
USHT Unmanned station hours
USHLIM Per cent threshold for unmanned station hours
WORKI Number of hours worked after which no new assessment is made
WORK2 Number of hours worked after which further work is not atuthorized
ZTemporary variable
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APPENDIX B PROGRAM LIUTINU

This appendix contains the program llstlnp for the digita simulation models as follows:

0 Appendix III- Program listing foc the 1-2 ma digital shmuation model

I - * Appendix B2 -Program listing for the 4-20 man digital ulmulatioui model
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APPENDIX S1 - PROGRAM LISTING

Thi- appndix contains the program liting for the 1-2 am digital simulation programn.
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APPENDIX 32 - PROGRAM LISTING

This appe~ndix contains the program listing for the 4.20 mun digital simulation model.
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65686 11 q9-27-76 1,, _

CXIAI'I XMA14 4AI40010
COMMONjpRSLWTSIGWT.PPrtn;PPMO PPUG SPFQ,SPMQ1 SPUG, 4AINJO021

1NPIPID,ZPC,Ptt(IO,1O),t4EN(1Q ' 4,NDS, IDS(6,20) 44140033
COmMON/IPARA/APST,W0RKjaWRK2.LEP,CN.NAXSL.TFAT,ACP, 4AI40040
1CALRYPW~NRTK7K1i.EAA$PiUf!l4JIM ,.(1 LQN10iKNIO) ___

2 K NT1(1O1O0) SE 4 AtO (fE~4) ,NT 8 ,EINl( 7)ND4AX, IDFR(36 e121
COMMON/EOREVNT/ !Dr(30) ,RELH13o),DTR(5702 ,TUI(30) ,IRE(30) 4AIND070
COMMON/EEMER/ART(1o),ASDE(1O)flTE!1o~tIESSE(LO0) ANRf9E(l9LlV4O) _ 4AI40090

1 LDMEI.O ,I~c~j oiWc~c~oioTS(1.) TSEI (10), INE~lO), 4AINDJ090
1 ILCEC1Q,10J#DT4ECo0,NDElj) ~4AI40O00
COMMON/ETYPIADUF.ASD,IESS,NRE(n(10)I.ODmE. INT!,!Rccio)lIR:1dioh) '4AIJ0113

I IH#IEC(10)* ' 1 R.IJR6 LASS 4IN 3120
COMMON/SEVF.NT/IETYP(370),TL(570)S'(5701 ,EDCV(3,573),.IPE(570l, '4AI'I0133

2 (351 (9 -fPP(f 4AVIJfl253
COMMN/2COM/COM(20),SCOM(20), IPS(20).ISS(2t.TPCM(0),TSCOM(2D) 4IAIN316
COMMON/OPPI/ IAA(4) ,PC(2O)iPAerE(20) ,ASP (20 a HSLS(20 ) PI(20) IAIN~O171

lsPl2f2Oh#ICEi(202_ __ _ _ __- -- *4A!NMI2Sl
COMMON/fOPP2/ TW(21) ,TWP(20)#TWS(20),DS(2Oh;APW(20) .PCC(2O)o M AINOI.90

CASP(20)#!DC(20)1 N~ 2 NGR 4ID0
2KONC(1O) 'K NC 11 Y- T 41 ff TIWNNiYS ;MAP cCC(2On) ,W ATf(20) 4I i3

3 ,STHP(20,.CAL(2c) .PWR(20),CCAL(20),NU(20)sPERF(20,NPRFI(4) MA!%j0220
4 , APA,SFDIFI.CLSflTA(l0.40) M____ _ AIN230

GO~r~NPPJIC.LICEPTl4RE.NSRNSSE7F - __-4AI402432

I RAXST,MAXSTP,USH,NRPJTE.,IE,TFHICML'IX,ICML,SIDCMX, IOCMXICSS 4IA140250
COMMON/OPP4/EPL(30) CDT(30)iCART( 30):jUT(30) I 'IT- -4A 14 N026 0

I ACA9W(tO1.ACOT(1.0) .A;tT(1O)@ AEPL(1O)'DFPEFF(lO)
C 1 AEPL.EPEF.EFMTar.s'ITTR,SRLiSPLSGEM ____ IN0250

- INTEGER Pt2lPTN(240) .OI10 MAIND300
MA _*mpA ,)IC ,q ToVLU - 2)"PC MAXST,NU 4IND311

RGAL MP! ,MAXSLK7I(1. ECLO3M , IICKONKONi.KONT.KONTI 4AIN0320
REAl. IECE#I "ICE LODMEIST 4IAINS330
DTWNMT5N- NTRt580),ADURJp(%5) 'AIND340

I, pKONE1(20),IXONC(20),IKONE420) MIAINO350
DIMENSION PSCOM(40), IPSS(40OhPCDUMCO),TPSCOM(40) MIN0360~
EQUIVALENCE (PCDU'I.PPFGQ,.PSCOM,PCON4)(IPSS;IPS,cTPSCo'ITPCOM) 4IND370

EQUIVALENCE IADURADURIO) NAINOSSO
DIMENSION NSC2OWDE(ID~a 14IND4390

1 - Z(20),ZC(5701.IEVENT(570),NREOT(lU),MAVAIL(20),4AINO400
2 TAVAIL(201.MA(20O)bITYPE(2O)MAT(20),W14(20) ,ACAL(201 ,'AINO4IO

3 PT(570)#TITLE(93 AND2
DIMENSION MCbISN(20)oJNVS(570) I102

DIMENSION "kAR(12),IDFFF(30) M1A140440
DATA MEADR(1/72W APPLIED PSYCWOLOGICAL SERVICES- WAYNE, PENNAMAIND450

to ARTMUR 1, SIEGELI MAI140460
DATA TITLE16NSCWEDUo6NLED RV#OHENT #64REPAIR,6H EVENT, 4AIN0470

IS"4 #64EMERGE,64NCY EV,6WEN'T -/ 4IA INO480
DATA YUoEsss#PEA/64 U.ON lSgO-H P/ MAIND490
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THIS PAGS S ST!UO~ITYWAtICAM

65686 01 p?-V-'6_ - 1 2f- 3*~________ -

DATA STAR.ULANK164 0,6H4 4 AIND500
DATA REPAIRt/SHREPAIR/- __

FUNC(A,Ge 0) a (A 4 (A*A)/d.1 0 P P -
CALL RA4SIZ(12#55) VA140521
READ(5,9050) N'CARES _____0_3_

'CASE a 0 -4i -q O5 4-1
10 'CASE a KASE~j 'IAfl550

!VCASE *GT, NKASES) CALL EvCIT 4AIN056O
*EAD(S.944) NEAD1 A'~7

9045 FORMAT(12A0 4AIND551
DO ?u 1a142l

20 CONiT14UE
CALL SPGNDMII4EADP) - 'A140593

LMAX919 4AIJ060a

4TMA~uI,) 14AI'0620
ITkRiO '4AI40630

N'COUT *a 0 4AI40641
READI5,9050I ITAP,NDlAX 4AIN0651
CALL XXIN 4 AIN0660

50 ITERxITEN., 4AI4067l
ITAP 2 ITAP.1 - 4AIN0690
NDAYS a 0 "'410690

9050 FORMAT (213) NAPqfl703
CALL RNPUT(ITAPtKA5SE) -- NI7
KNAxN5ME N!~O2

IOMAXmNkO~h IA140731
IEMAX8NOSE*NEQRE.'4EME 4AIN0740

C***COUNT f14E Cqwhd ?0- AT NMEN AND ASSIG----I N 07 5
C***EACW MAN A C~kW ECHELON 4AI40761

IC a0 4I37
00 110 1 a 1,4 NP~B

IAA(A) a 0 AN7

110 IC 8 IAA(I)+IC 4AINDS20
FLIC *IC 4AIN0030

jj 0 4AIV'0850
DO 120 1 *1,4 IAIND860

IF (JJ.LT.II) GO TO 120 4AINOS!0
00 115 .1 a I1,JJ _________N!09

I1 a JJ'1 4AIND910
120 CONTINUE 11 NO920

Mal NAI40940
00 160 ,J 1,4 4AIN0950

00 60 I , N T M AX 4AIN0960

B-64
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tBIS PAOZ IS BU5T QUALITY FRACflCAli=
FANO COPY FLUKNIShii TO flDC

4, A3 IF (01fillis7. 0 T140fl

00 25 K tel 4AI43990

160 CONINUE 4AINID20
0...ASSIGN SECONDARY SPECIALTIES 44141031

It, C-----4A 14 10006,9

0O 210 1 a 1NTMAX AIOS
IF 00T~j.lTTN)G TO 210

310 CONTINUE 4112

23Q CRNTINUE .. 4I14

C064 (IU MANCL~ 4AJN1100
Do 300-WAdC

PACEII) aACP # ONORM0(.O40.1 .1 44t11211
AS() AINg.(AOASP*DNORM 0ia/,25 .. 1)

30SYRtIII) a A9ST+DNORMI(a. )APST/ 4A lI1J52
AL5qAztPqI~wv AND IECOU DAWV~

C***Prff EACH MAN AND CCIsINITIAL CriEW COMPETANCE 'AA17
CALL PSCAP(IAAPCDOU#4 PSCOP; 4AIN129n~

00 360 1 u1.IC 'qAIN1SD3
3!k9 C C PCOMtj) AM

r c/ic AIN1S3
CoSoCALCULATE PHYSICAL 1'CAPACITIES 4tIN133

3___ 0 1111 I1c '48,14

370 112(I)vo 4AI'41363

Do 350 1 .NP! IA141390
Pt1a 0.2euj(t0)IC(~)..' "A14140

1380 P12(11) aIPUYSNtP1D) "A1442

C.. *R AS!A 0# IJTERAVI1IN-.-ITI4LIZATIONS 4A14 44
K50NO1 a IAINI*90

DO 560 1 a %#KMAYt 'eAIIIAS

1560 IDECI) *0 MA 1 n47.1



ZI PAW n6 UST Q4R*Ii? F1RAMCA3I
=9 00fl i rmusktuw To U~DC

DO 570 1 a is 19MAX '4A1 41 *
S'D toFUl) a 0

00 SteO I 11A miLtS03
SOD ItO'iC(I) *K0(l~() "II

DO 101 1 S1,LHAXi '4 1N 5
SOS XONCI (1) v KON1 (1) MAINI%30

DO 590 I 1Ic 4A INI 540

ACALI WSNLSfI)eCAL(I)/?4.U kNI6
CASPM?) * ipt1) 4A1SI7

pWIF (I )mAsecI) 44AN10
40IUCIU) Co0~AII9

590 40FAILII) *010 ~4AIN1A4d

f P I4T4IRM DAY OF~ OCUtN S Or FX iFAILUft9S i4 F.MFR)~CIvS tni LFNJ
r~ r&ILURE AND FQUh~mENT 4113
c 4 Ik I .. ~

bIRyfiISI001) IO4AX ~4AIN1640
s00t FQNkAfl' *oo.oi0mAxv,,17) 4AIN1460

Im~cQ2 IRAh( , ~IMAX I. A!i91.
6002 tORPATIto's LhdU'.(I10,3i) . 4A I NIIt

00tui 40 .WA 4AIN1inV
It*RELW (1) *AIOG(IjNIFPM.j0 1 o)p ftS4

6O5 10r(t) *IDI(I).1I 4AIN1720
WNtITEC6,6004) (ImrmI,u1,104Ax) . 4IAIN1730

6404 Ip0Rk4&TI' to** 1W'i 0 1) -4iPmiYd
WRtYEI6,U0001 I(MAN 4AIN1153I

g00s FrpmAi' .'.. KMAXu',fl 7)MAIN?17S
dNE6,0A~ROU Ti wmMAx) 'e4AiiFim

106 rORP4AYI9 too* NDPE.9,(UIS)) '4AIN1793
jq Ax 4AIN1479fl

I1,6060118a I NIAI18 10
61O t86(j) a IDIL (1) - I!- I1INf

WRITI1s6O?60) tIlD.fIv X14 . .

0007 P0RMATY' t*#. ID~ultIAala MAINd1S4f

ifWND3)- W )0OTO $So

c 14AtNI16
c RIP?"no

*s ~RUN~aO4lOZ

au @Do loss# - IA! ?04n



- -gal EIPAWpi. TO 
-f ~W* A

MU OW PUSHMTOWYIOICAZ
&-boa_

PLUsN 0 D
"Riegel@OAJ~ ,

No_____________________________________ 
NBC.$_____

RAN~s 
106

801 010 a weC 
qILn

TV1,t) 0 6.

1 0CI a C L" 00t 
41 0

11ce"nCHOW4AI41860

0,1 JQ CON,1hIU2

%AIt40313

toj

Is COTINVII '1iIA-4  1 i A

VICOW IJ * IONVIA
?team it 3Co I) * i i .4,I 1 AIN4,,0

pskip n Tu690 6?4

WO61 fcmIo iil~i01SS



301S ?A=E IS BUT! 4UAI1T MOMtAIL2
0mm Omfl 1FUISMED To DDC

TICOM (1) 0 TICOM (11 9 fi' ICS!. 0;OS959 4AIt41%63

IFIIxvf*6T.eN U0 TO 692
DO G61 2QR.IXoP
W~Ithe 9620) 1 D(3IIhI ____

:61 CINTIU

oft 4r AAT(IM1,1PRINT OPTION THREE - OCCURANCS OF FAILURES AND EMERGE

141a SA NATE A40 31C NE;US'/ *UIPMfiN' DAY or FIRST EMINGEN
CYDAY OF FIRST INITIAL SA ShSICKCNESS DEGRADAT!nN',.

963 POMTIIP 9X.3, EK.S. X.,3, g6&OCUAC9aXIIAF&

9611 ProMAtC1#9Xe13) -__ ____ ____

664 r NNATII4Xe16#6X#Ie)

fAj PS1JAM
M 00 G66699---___ _____

696 CONTINUE

1 06 IND(4j) kd1TtE(l65a2) 4AI4p610
3903 rGRMATtimi) 'IAINP623

700 NR a 0 4AI'4?650

b~7iOu1Tt1IfAX4AI4P6?1
IF (IDP(ih.NE.N0j 30 TO 710 4AI42689

RKETK)20.I1a1 1AINP71fl
4AI42?fl

00 760 It1KMAX _AN____

IF (ID6(h.Ne-6101 ff To fib 4- AI0791NE @ NF.1 4~AI'41790MK a KX*l 4AI1O01
INVENT ? ) * 90
1I a NDPE(I) ALOG (1UNIPMj1OO)1 0.5 A'P2

IMI 60,0118.
lot 3DW(I -it -4144

was



If (NOIP0 ,SlT INS 3 go To f iP414A

1IfETYP Al % )& T t

If (NOry to?, 0) 00 TO 97 4AI41944

RN0412 hllR(NIOR0 ADR
1I IFPVEa. 00N) Of TO 

40 TOO
mY. Go 1419M a00 1A144I0

- r Mi to" 1 00) 00 TOj~ 69 4AI-43330
Rve U40I'too) 'AI43041

'401F a 1
____ 4A1'311

CO E

C *- "- - P41A

IIVENYIKKMU300.12. IQR(NIQR).1).t44439

C 14

C 44 1S NUIEN OF REPAIR rAMILIER MA

WSit a 0 44141304~
NYU 4* & * wnsE g4lM
b6 470 1al 8,6 of

weeo



at$ PAIS ? an IWf.~?a~ I;

no Wry1 rWs~ TO DDO

17p I 170111) N11' 11 20 to 770 4I33

441*43330

C ADUMNbY ASSIGN* REPAIRS TH*4 EMERGENCIES TO TASK 44143390.

a INf~LSINSceokr aFNS o U~e N ORDER or INPUT 4AIN3390

h00 UIN&RATI POINTERSFR VNT O THI DA 4A410
719 DO 780 1 a IINTE 4AIN3420
Ile PTRII 4 9 4AIN3430

118 NIFM%%Qt0)eTEM1,1,Q
ITIPTRIJI)) 7990850 7as 4AIN3 430

731 ___________ _______ _____4A43490

Ti01 '4N3901
I r 11,1.Ne) G To799441*43910

PTIN 
4AII5

SrtT(IIG0 O TO 640. 441'43550

PjQAP) s KKT 4AI43570
ARMLIKI a11*1441"sl79

COTIU -44-h1 -4 -s -

K~jj4414d3649

e- 1 F- - 'CA N3

C 4AIN370



J~m 0ty FMSEWTO DDC

* 635 Ro7 h GITR 1 200) 00 TO 842 44143660
t~rI a NIr (iPTRI - 1 4AIN38?0
I? limir E19. 0) 30 TO 834 '4A!-43860
40 O 8 43 4AIM3890

941 tjrI a InE t(IPTR*200) /12 *1) 1 At39
fivi j E i 0) Go TO 334 4A~3910

34 0 02 J!10INI7 IAt'43
MOUNT a NOUN? * I 4AINS931

41T (1TA MNT ;017(j ) aO JTR 3 IP44

C t4AIN390

18WINI4AIN4020
NO2N *J 4 NO? * A1I4030

C RR IEETNTeI4A 440 90

I HAV AN 0 F11

633 CONTINUE 4AIN4119

CC TWIS LOOP COUNTS TOTAL NO, 0r EVENTS 4AT44140
DO a 1810570 4AIN4S.50
1!INPTR(I)hEQO I GO TO 9 4AIN4160

I CONTINUE 14AI44170
9 RTEsI.1

I PGOE.0)0 TO 826 14AI44210
$11 CONTINUI 4AIN4220

SIB I(u5&1 4A44230

PWVI ,-bK Ya I I4A'44250
00 624 !u1,NTE 4AIN4263

Ir(KpLE.2oo) 00 TO 823 4AI 4 4290
tUloTl 076 01 GO TO 822 '4AI4

W"i'K-W-- Ad(I-g1NZ-iR 4Ai4

20T 2 4t42

its K!NX tL971



=U3 PANU nS 3MY 4UiAItY Met

4(tK~vNXt3IKKW&dES

~~I ~j K ~mR~4AIN 4360
42 02444 IN 439ft

613ung441t44401

lie1111 44IN4.520
54 s ri 3EE 4AI-44O,3-

64 AT4 41#9 NTf MITTANT DOWN tIEi. IQ.) I Lli ___

646 FpRHqATUItIM'PAN COMPETANCV16/.Y(IC) TPCOpfjTISCantw)'. __

Coto RESETS FOR EACH EVENT
of IRI 9

DR * p44IN44'0

Ulm. CEANINE WI4ETI4ER EVENT SWOULD SE IQNORED .______
_______________________________ 44430

C ACCESS TYPE DATA FROM DISC 4I45

Coloo NSIN!IE IF TYPES *I .111L-.-.-

ZFIT,9EOt-.b SD 851 4A~T44510
R1ADft2;jTEN.ERRv3QQO) ADURIO '44- -9

651 DU~sRTI E-IS441A44611

LODNULOONEI E-560) 14AI44640

NIORSO4 44660

DO 02 I81110 4AIN4700

_4A N473
6,2 1EIt)!IUCfEsI.IF.5SOI 4 40

0114 IF (If RET, 200, 20 TO 46p1N18
IF IHM10-U1 IfT) go t0 ass "ARN4779

toID. tols AIN4790

W72



=4 OWN ILzSUN 20 DDO

Ro(Kn~i ToY.ONT1N)) Efi To 1619 4&144630
044 OWITINUE 4AIN4440

le COPT4ummo o' E wu AIN4 9IL
lot SrYNUE a 14,1TLUATINDS) 4AIN4930

a~~~~~~~ "TmlU1%11SI? 0o CN ofSTARY ON AND0 LATEST T-lI a

ARAN!Jc NJ AINSISO

C.. Hath4D of 0 WHE SELECTLL PRINRf SPCILIS
C.* LI a I- WHN SELETI SECONDA SIFATI AN5S

4A4 14310

go ___ _ ____

TIO -u AINI!340

I0 Go SaJM AIS5
V.9 uau V pCrU~LFRRMT~



=S PAORK IS! n41Irt PwAMMMO~r
JI amf rowasm to DDC

DO IPSO I a 101C '4AtId560

C 4A INS. 7)

~C TRIVIAL. CASI I 13 (JR 81)miFOR ALL A Ad&f

C 4AIN42C
I ll'0,to) o T9 #--12-

930 IMIPSS(M0N,41at) 00 TO 950
IMIUU1.TIN1M) s0 TO 950 4AINS0
10 (TwIi,YWO41(Z) GO To'Ii - - fo__
Ni a NA#1 4AtNSDOO

CALA 8 160 44145850
Go TO 940 4AI49S0

935 CAbR a CAL R/ TE2 4AI 4S8711
940 ?A AIL(RA1 *-Kqvv- 100O1.OVI.AL*PCNLi- -

90 CONTINUE AP59
IF (NA P4 0 O O90'AI'59nt'

lip ("RhO 10.0) Go TO 910 4AI4$920
953 USW 8 U * ADOUR.* rLOAT(NMEOT(I1)

Go To 910 'AI45450
960 KN a NA-1 4APJ596" ii

IF (AN~Io Go0T too 990 ____

DO 9110 Is"i
LL 8 NA-I 4AINS990
DO 970 J a lLL 4AN6#00~
TanI v ?AvA[LtJ) u-...--. -w

IF (TEMiLI.jTAVAIL(J*1)) GO TO 970 4AIN6020
TAVAIL(J) 8 TAVAILCj.1) _' 4 d6O30t
TAVAIL(J$0-@ TI~i -4.. .. . . 'A!NS06_4 -
44 a MAVAILIJ) 'AIN6050
'IAVAILIJ) a MAVAILIJ*1) 4A IN6'04'0
4AVAIL(J*1) 1P44 ANW1

t KA4 0RTNI.0) (10 TO 95514

P44 a 14AVAILINA) 4AIN61I'
NA a NA-I 4APIN612

IF (TWtNI*)ADUR .LE.WORNI j TO 1000 4AIN'.140
995 1F(kIP4DoEQ.1) Gn TO 950 'AIN6150

IPI a I3-fqIi
00 To 910 4AI'46170

1000 Ir(TWN4KhUT.WOPK2) GO TO 095 '4AI4619

5.74



=IS PAfB 1S BUT -ULr pea
PWM ~r ZF41SMK TO DDC

RC"mNNu 
AIN61O

MA~IQ aNN

IT Y P E W N ) Ii A I 4 62 4t0
IPI KA RME, 01 SC TO 905 AN01

IPINNI~tII)I 9S.9"g.95

Ce CONTINUE
GOND-L -O~j___ -____63

DO 1061 I31,NTNAX

lr(JIGE,NDV) 0O TO 1063

I IND 0

so TO 999

IM pit, 01 GO TO 1065 '4AP4660

1002 tSm*ADUN*FOATILq

Do 1040 1 a 2.10 '40116710
Iti a MAY11) . 11 kw . . I -~i

jIef(kiK)J 0. ooi'o4AJ70
1070 Ir ITPCOM(KK) ALF. TPCDMILM) 00 TO 1080 4P60
117 LI a KK -ta"2

Jj a ICIIKKI4AI4jb

CONITINE Z1 EARLIEST TIHE1 ALL GROUP IS AVAILARLE A09

t19 NiKaM'S1!
Zi a0 le~PS2



.MIS PAGS IS ~s! fr'

&Sao& of 09-27-76 l4.R93

DO 160 I a 1010 MAIN6830

C!! QO : DrA TEII # 'J "AiNfl40
sSe DTERMINE EARLIEST TIN4E WHEN THE EVENT CAN BEGIN A4~6

____j NE E2zcqj AIN69O

A AT14 KEMPq~rT~s A1N6960
c llAM~ll~j&9M2ST~l)#AT~l A1N6910

JJ * aYL11) 4A1N6G9S O O 16

1MINJ) a 32Z(J "AINlOIG

1165 CONTINUE
C 4AIN6700

C**e* IS TA NESNCEUE LAST EOEN SLONP RENUIRDU TOLO SLEEP TIE AIN700
DO 1260 alI -- ___ 4AIN7010
IFIWNCJJ)@,,) KO TO 124 'A147020

1... CONSINEP UTAORCYUE 4AI47030
IF D5(0IJ) 80E TOSL 12T8 1401AN7I

J04* OP **IS 4AIU NE HEHL AIN7100
IFI7A(J ,L * E 2A) GO TO 1240 4AIN700

Co*# NITHER * QUA FLEE TDAY U§DAYFREC I 4AIN7100

IF(DJ1INb5(gJ.JUE UHJL SL0 TO120AI47110
Cog* 0ALULto ISFTI AUE NE TROSLDE REIFFREAHNJ AlN71S0

IFIrTjj) .LE90) TO 1240 4AIN 710

120FTJJ) * 0,0SJ 4AIN7150
GOt LTO 1220 J SO_ THAT__ D;6, AL 4A1N7120

Ire lYiJ)tW. 170i)WHJJ TO 1212 MkAN170ii
4 og ALCULAT a FATe(1SIG PF O LEEP RELIEF FO.~R, ECCM IN '4AIN19"24

1t20 IFAToi~j ,0) a 0AT,0 * , -QAlN?25

00 TO12204AIN7220
- FATJ,1 a fT .FTJofAT(JJ-1.C a 11.0 *.*NIN(.1 4AI7240

TI20IIa(FAT(jJ s'eOC AT la004AI720

_IrITE~_ OT, 0.9) GO TO 1225 'AI7O

9-76



U13 ?.A IS MT? QUAX4Ty P1U&CI

-6968 Of alp I& dnA3-

MUiJ.~*53.333333 * FAT(Jj) 'AIN7330
qTO 410 I17i

W86SM a 14,666667*TEM1.5,d "At'7351

00 TO 1260 'A"76
002 TO120 AI 7380

1260DJST"DO S14CE LAST SLEFP FOR THIS 4'AIN730
1140 4gLSI'g a MUL~j I NJO AIN74100
.C ~CALCULATE FATIGUE BUILDUP Ff1 THIS MAN DUE TO REST 4I71

PAY(JJ) a FUILD(WSLS(JJ)) 'AIN7420
126 CONTINUE _____________

coot CALGULATE PHYSICAL CAPABILITY Or EACH MAN IN GROUP '1AIN7440
C*** SAVE MAX PMYS CAPABILITY FOR EACH MAN 44IN7450
&ago 61CC a 0.0 ___ ____4AN746a

DO Ilis I a lin 'IA I NJ470
.JJ a MAyfh) 'AI4~7460

KM * psc j~ _____ AI47493
TtM24W~IR) JPWR(JJ) IA147500

IF ITEM2,Ge0l.01 GO TO 1285 'IAfN75IO
EJER a110 4AIN7520

19 TO11VO4*1147530125XER a fZPCwTEM2m/ZPc-i,o) 4AIN74I40

T11aPC(JJ).PIE.)IJ.1.(1;0-K1)OTEMI).EXER.(1;D0O.1.PATCJJ)) MA417560
IF IYIM%.LT 0.0) TFMI a 0.p -- M-AIN47570
IFp IT1lGT20 TENS, a 2.0 'AIN7560
NPCC(JJ)UA"AX1(NPCC(JJ1 ,TEM,) 4AIN7590
RCCtIJI.OTEMI ___ 'A I N7 60n

119 *PCC 0 GPCC#TEI 'IA?'4761'3
SPCC a QPCC/FLIG 4AI47622

Coto CALCULATE GROUP STRESS THR!ES D AND GROUP STRESS 'A1117630
Im"We X AIN 764fl

DO 1370 1 a 1.10 4AIN7650
JJ a MATII) 4AI47660

11711YiW'Ia STIM*STPM JjI) - 4AIN7670

135 SYRN a GSTHM1'FLIG 'IAI'7690

0 T 1374 AN"..1377 ____GTR

IF(GSTR,LT,1,O) GSTRxS.0 M'IN7740
Coto CAkCU AT IONS rOR PERFORMANCE TIME AND END TIME &475

1500IFIA~.;N.O.) GOTO13~ 'A IN7765
IF IKE *NF.1) G) TO 1310 4AI'47775
lI7I(Z2*ADUR 3 ,T, TLIIF)l Go TO 1320 4 AI-47740

Z I;SaTLIIE) . 4AI4d7800
Go TO 150 '4Ap47S1O

13ilf6~ E 3 1U'A I 4782n

9-77



OOFXMY MSM TzO DDC

ZC(IE) a Z2*PT(IE) 4AINd7S3O

00 TO~ 1550 -..-- - - 4AI'J7840

0o TO 1550 ~4AINi787t
Coos CALCULATE GROUP PERFORMAO'CE. GROUP ASPIRATION4 LEVEL 4A!N78?a

AI4J7900
00 1390 f ,I a11 4AIN7923
jj a MAYCI 4A1*7930
OVERT a "EwrirprrJjl 4-'ATVIV40

1390 OASP a GASP*CASPIJJ) 4AIN7969
QPERF a GPERVFLIG - ~-4I76-- LS5-wi GAS?'IrLIG 

.*I.77
C...o SELECT ONE OF FIVE CASES C3MPAPING GASP WITH GPERF .4AI'47959
Coot AND GSTP .1THGSTFM 4A1N79?0

- EM~u 4 .- - ---- AI.49030
IF (ABS(TEML),LE.0.02) GO TO 1460 4AINS010
TEM2 a GSTR-f'STRM 4-- A I14502
IJ rTEUI,,.0 GO TO 1395-4ATss0iv
IF (TEM2) 1410#1450,1450 4A10~040

1399 IF (TEM2)_1400#1430,1430 441 4q 05 3
j460 PAF a10C4T1-------------- - -- 4AT44063~

0O TO 1460 4AI'd5070
3410 D9 1,420 1 aII 4ALkR0

TEM3llPEkF I JJ )-CASP(J (A 13
IF(TEM3,LE.iU.0 GO TO 1420 01"I 1
%% ti~r*CA TP. .YE.3DN 4j C .O 44140112nl
IF (TEM3,GT,1.0) TEPI3 a. id4AINP133
CASP(jj)mTEm3 ~ 4AI4d'140a

1420 CONt1NU6 . .4fq5

GO TO 1460.
3430 DO L440?11 * pIG .4A-

1440 CASPtjj) a IERF(jj) 4AI1dq190
PAT p 1.0*0,4*TEHI 4AIN01203
Go T 60 4 AIN!i0l

1450 GSTR ot 009*URTRM , ~d2~f
C400 CAL CULATE PER7OR.4ANCE TIVE 4AI'14230
1460 IF (PCC GE.1-0) fl -TO- 14f('- .4A f- 4-2*Ib-

SF 2,0-GPCC 4AINS251j
00 TO 14b0 . 4A1NR26n

1470 Sr a Its6-dPCtu.o A.Pl'j~
1460 TEM3 a Co0 4AINql2!%

o3 1490 I 8 1,10 -4AN!29
jJ aMATI1) .- 14 3nFf

1490 TEM3 aTEM3*PACECJj) 4AIS40SIO
- IOPACE *TEMJ/FLIG.qF*PAF 4AIMq.20

C -4 A 14 l 13-
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ThOM MOY FUMISHKD TO DDC I
f 09-27-76 14.0&3

c TEST FOR REP'AIRS A4S0

C ~Tflf~T, 01) 60 MO 1492-
IF I G 9 00 G TO 149?2Adm7

m I * IAID *ASOM/ADUR a ADUR) i S
V 8i EXP(ALOUCADUR.IORTITMII) *DNOH'41(0.0) *SORT CALUO(TEM11)) OAtI4U390
as TO 1493 4A!I4R400

1493 cc~T NUE ~4AtP
ADIJR 2 a AflUR12, ~4AtS43O
V EAMAl(ADU!!2LV)- -- A At.40440

If ITEH2,G0,0.0) 00 To 1500 'IAI'P4bt0
T5~J ~ Q.11  ICGSTRM.1 0) _________________70

v J* 2. 075 a TE143) *(3,4722 * yEM3ei-TC~j) AIM840
I.tv1.S29 * TEM3 14 E o TFMNq).j) 4AtId440

c PA4lil 8 0PACE*V* J#TlI43l q2.35O7*TENe~ IIil

1100 If llEN2,GTl,) 00 TO 1510 lAt'd@520

1520 PVC RE) a (3,OOV-ADUlR )*GpACr 4AI49950

153 rpi7 (o~ It7r 4437 -4-*---

PM(11 a 060 'EAIN9580
09 MO 03?- -4 - I!NS9

1137 ffm4T714,0*ADUA 4A!INR6DO
IF( 11 E LE. TFMI) GO TO~ 159 'AINP610

PT( fi TERI"A412
C.,b CN CIJAQALY'I N1 ITII 5ttO~4AINS630
1139 ZUNjI 22 #? PYCIE) 4AI48640

U3N.USH*FLIGO(ZC( 1E)%TL(11)
ZC(E)mTOL~) - - 4AIN8650

1545 ftPC0Ef1U;F;24;ov1G0 TIU193b -1S9
P1(1k) 8 i4#0012
ZC(Ifi) s 24,0gj 71

1550 CONTINUI -. .. .. . A-- 14
Coto UPDATE HSLS, Tvi,Z,CCAL,ArAL,IDC FOR bACH 'IAN 4AIM0730
1960 ITRY a ITRY01 4AIN0740

!!F(IJIGT,5601 GO To 1566W W-
O 1565 IUj#NROR 4AINS70
ITEM91ORII 'AIN077O -

tIME.GE,2a1) GO T3 1662 -.

CUTI ITEM)mCkuT( Tr'I).PT( RE) 4AINA790

1962 C5Yd(?TTEMI.aCDTTt)PTI~
SCDTI~oSCDT13*PT RE)

S00S FORMA' se sDYIQ8,r7.2, Ci)Y(IT~mIa§,rF,2) "4 AWI4 6
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UII pn~ imi 41SAD! ' PfiLMCA3Z4
-W COPY iiMisaW TO DDC

*H101 09-27-7, 14,003

CUT7 IITEH) a CAPT (ITEM) * WIN IIdqS
1 a0 *L(lyIE)UCUT(ITEN)t(CUT(T!M.IC0T(ITEM)I __ANAD860

ilil 804TI UE 4AIP4SS70

UD~uS.0 4AIN8920
00 81PT90 14- 1- 1.1 V 3- ~A 90
MSLS(JJI a "SLS(JJ)OTEI 4A1#4f940

WZii - Zc K
aGALIJJ) a I1C(KWK *TEN3*4,.99*u'4IFMI(g.0)t10.) 4AI4S970

-- A@ASCJf I a A .CAL(J I ~h(9%S
Twijj) aTutJJ)*tfU1 '4At49000

-1!j.(K,101 PS(JJ)j 60 T0 1579 4AIN90O
QLUUTA(7 "ICLASS~s CLSDA(7.ICLASS) *PTgjrs 4AIN9020
Tw5(JJ)Yw5(sJJ1*pT( RE) MAIN9030
No TO 1510 %!AL49Q04t

100'~ TWP(JJ)*T IjJ)*pT(tE) MA!N9050
CLSDYA16@ICLASS~m CLSOTA(faICLASS) *PTuRE) 'AIN9060

1960 SIDC aSIOC # CCAL(JOI ___'AIN9070

I l~otl FI 'F-4"0T 524AIN9090
5IDLMNX* Inc 40T 52'AIN0090

152 Ti t L I ~ T ~ -
Coos ACCUMULATE CML A40 SAVE PAX 4AIN9120

t?(CMLMX Of TEM21 30 TO ISPS ___"AIN9 3

"IWIDLANC 4AFUNi150
100 IP(ITRYBTl 64T 14AIN9160

IFJ (51P 6 STA OTO100NIAD2
Coo AqttF~Ij1T~z 'A! N. 923

160* fiiyast nT ***5 4AIN9219

63 to 16030I423

1010 El a (1,0U S~w;11I.5 4GAl 0-1260
00 TO 1630 4*119270

1020 Elm a (50-SvYR)/(5,pwOSvPM) A 498
1630 7161 aT C NtLt %- 4

I1P (ITYPE(LI).1E!PS(LI11 TE4l GTSCOM(LZ) 4AIN9330
60 w 2,0sTE~t -4A 149310
GA a 9,o*CA30(Lfl 4AI1193?0
00 1640 1 a 1.16 4AI49330
JJ *MAY11) 4IA '9

I? 1TPEJJ)ME~3 711) TE42 myscom(JJ) 4r 40311



NI PAG!2 IS Bbs? QUJAITY "~CACOA39

EM Wr FLISH. TO DDC _

Tama @TPCON(JJI 'OAIAI9360

Tema a418#204AIN9390
Is K.TIMI

TIN! PL!.2.O4AIN9438

UPA4t4(,0SPC 4AIN49440

1647,3 T * f4A! N94ft

c WRItI (611696~ PAOYINIISETFEAEC &196

AP~AAPA.OA FATR4AIN0490!I
IwFu80yrtue '99UIEFCEC ATR4AI49500

a ~4A1M9sio

close rp"WAISM u I C 'sg 4AIN9940
18111 UA11221 les

viewIs r ATI is" less MO) 4N91
* g811211.113 4AIN9570

112466 C ULATI YIN. rATIBUE AND PHYS CAP FOR ALL MEN IN GI4OUP

WiI AtI I "A 1960
PAYIMJ 0 fIuILOOMILUJ) "AIN9620
104 a ITVPI(JJI MAtN9630

31Et 0 1 S 4AIN9660
!IE To I*UTUIZI6lC..0

MIptINAm Y )W"ttMt0990oI ND.IF,PCC
3 ?1 19I(A AL JJ1,4CALfJhI))*#2 4A149690

TIN& 8 PgIJJ)ePltjjle(I,.(I0.-Kl).TEMeJEER(I;0-0o1.FATCJJ)) 4A140700
lp ITtNIST1,01 tilt1 a 2.0 4AIN9710

1740 J PTM 4AIN9790

eses CA6CULAtE NEW COSMBELEVELS 4A1N9770

NON64D8IR1" )*TEMI 4AIN0S00
ivuu tl aL1~ K0NC41).KONE(I) A--.

Do 1 !ft2 381 SOEII 4AIN9930

11R94
K9RC1(1*Ku"I(11.8.61(



ISIS pAgg is MWS QUJALITY MRCTI C.AA
Wpy O 7f JIisgkiD To flDC -

8603 01 09m2770 l.3

'Coto aypwm UCCESS OR FAILURF FOR EVENT--
179SUCC aAIvu9

ILSDTA41.ICLASSIG CLsOTAl(15 ICLASSj * I1AN92
ILIDVA I ICLAUSIn CLSDTA(BpICLASS) * PA __A___N____ 30_
OLMUTA Y.ICLASSIB CLSOTAI9,ICLA3S) * FDVDF -*--4IO4
IF (Succ EQ*EsUUI go To 1770 "I05
UTF U5PlDI!P .PDIPT ___A___N_____ 60__

C.S AILED - l-NO-
Do 3,760 * 1,ol140N90

1760 NFAIL F uL N*.o

1710oq 700 * .10MAINO0SO
09J T IWQ AINOOOO3

NUIJfl.NU(JJ)*.0 ~!07
1700s "alcINOSUC IM6mNS~tJ11 U 4At4009o

KIM IV a4AIN0091F

4lucljsv~* 1MAIN01DO

0 7 4@AIND130
i 177 N3uct~uce UECO 4AIN014ft

1615QTA(I 1IGLAWS1 C63DTAl2j!CLASS) # 1 4AIN0150
10*00 CAL CULATE PERFORMqANCE LEV L FOR MEN IN GROUP MAIN0160

44 1.1 ______________

?UNi a NOSUC(JJl * NOFAILJ, 4AIND190
JP( gMj ICTo 5 0 AD NlJCJJ) ;GT, 0.0) 4AIND200

A V (JJ) AOUIJJ)/TEM1 'qA!ND0210
1300 CONYINE ufi T~ . 4AIND20

Cob UPDATE MAX STRm FOR TJE DAY MAIb40250
IFJMAX3T, Gi.Q5TR) GO0t 10 5 iO 4AIND260
RAX3Twp5TR 4AINOP70

BAXSTEPIE AIN0290

___ GNR 4AIN0310

MLSTAli9 CLASSIn CLSDTA(IIPCLASS) I 1 4AIND340
$630YAI5.1CLAUSS~ CLSD?A(S1CLASS * 4AIN0350

49 TIP 154 ~4AIND3S0

9-82



4.

Cos* TEST rOR PRINT OPTION ArTER 11POATING HOURS SPENT 10, ACTIVITIES wAI-40370

4P~Upq(2)ONPRU(21).1 4AINv0400

OAIN0440

go TO1824 AIND490

RPRFN4)aN~fM()*l AIP40510

140 fly .i-W 5 OT eo4I04
ImLtE 07 20) 02 O1 8 ~4AIN00

irt NO!L9J A R E.u.. -) 00 TO 'S4AINOWI

1150 4 4AtN0600l

. PINTEVN DAT 20)1214AIN0l610

1350 9K a 7. 4AIND640

I! (IPET NE O) T!'Ml a ZC(IPET) MiAIND1710

IKONC(J)UONC( I) 4AIN73A
IKONEI I)KONEM I)ND4

1365 CONY 1Nut A~'4
Ir4TITLlIK'K).NE.FVEvAIR) 00 TI 1867

c fi0RfloKptlic 6;Ob fK ruwi
ORIT6b8,9861) a .~.~

I. TU6i1,Z21P;(IE).ZC~ E).USH. ';STIR.GPCC.QI 3AC.GAP,PA.Ft4,
I (CLASS,

9361 0!m~tto RE~t OrEVPMN YPR~',I2, EVENT TYPE'&Ulu4Xa

I jA6,1,2X*'m'UTlrlER I.1PA6/

*-83



I to "al AAILrs.,15 START ALLOWED,FG.2.110 PRIOR EVENT,.
*I49WIUINBJ[VIEYNThSTARTS&F6e20"LASTS,Jr_2m_

4 1334 GROUP 8TRa8S*P5,2#OM PHY5 CAPIFS*2,514 PACE,r4.1,SN S,52
.5 N PRUADU4,j*S HAZARD'.V4.1j6Xj 'EVENT CLASS'AIIA

I.- * SCOWS, USED(IgNITS/HR.I 01
9 1eINCONSU LEUT(UNIT,34R I 10I##/1X@Z2MCONS. IISD(UNITS)

1Wh TYPE--SPEC LON WwoNK. TAIOUs'INTS i~rNiA~wE
?ALS* RS SINCE SLEEP IDLE MRS SLEPT CUM PERU ASP)

1 TENI.U,~pT1IE1#ZC(I)gUS4. GSTN.GPCGTPACFP iASP.Z,517,P., __

1 .ICLASS8

9e F !RNATI/1403A4613,54 OAYsI3.11M ITEiRATI0N.13o2Xo1AO.',
04MEN AVAIL 1r% jojsM START ALWUPF6 1*A2  PRIOR EVENTS ___

*Y~ FN~wff~r4 ,~NEV9" 3A ~oWeD,,2 LA3T_%,F~v2
3 IM NDS,Fp4.243H JNANNEI MR3,F.2/ ,3e

4 I34 GROUP STRESS*P5.20914 PHyS CAPP'% 2,54 PACE@r4aSN ASPoF5.2.IAINCS&O

* /!X, 92MCONS. USED(UNITS/MM ) 1016.
9 /IXUWCONS. LEVT(UNITS/MR.) 10!*,lLN22t4CON SFD (UAm'P~S
9 10TU/Sairumv . 1016oT!VUT~
* IIINOMAN TYPE SPEC LDR LEVEL FATIIUE PHYS CAP IHPS WRKO CALORIES'tAIAMOVOI
7 8ALS.wRS SINCE SLEEP IDLE~ HIS SLEPT CUM PFRF ASP) 4_ A I N4910f

Do 1670 1 a tole 4AIND930

TENif 6 PiA '4AtN0960
IF(KgtNh ISIII3)_TEMIIESSS

ir 411,60.Lil TEM2 a STAR 4AIND990

1 CCAL( I! 3ACAL( It ),SLS IlI ~iH I),DS( II),PER;g TI *CA5'( ii) 4AINd1C20

C96 rONAAINIS

C1070 CONTINUE 4A IN'3106
00 to 1690 . .Nt17

C.. PRINT IGNURE DATA 4AINIC71

4AIN~11Of

9860 rPRM M304A6,t3.54 IAY,13.IM' ITERATION,13. 4I11
I S4 IS IGNORED flUE TO) 4AINI1?0

1NIGID AT; 1) 0 yrt9814



~S~BU1 DDC

OMrQI% I~ H#6,*O W~ ESSENTIALIT OF la) U t~jj!10

Go TO to*# 'qAINIPO"

9U TIM AV&ILAPLti4441

t~ ~ BT,4 so to SAF4
Ka Ts (if 40M6

WRIT& (6196s0) £KO4Tj ORK14,iflo) 4AI413?1
984S POUWATtlN.,03X33dCOMSUHA3LE1 (UNITS) 96LOW TNRSAOIDNH,1OS,)*01 C"C F FR OF EVENT S, kwCktAAf 3 ' 4&IN14
logo Ifisuc .EbS) 40 TO 169? 4AINisso

trtRtU(RI1tO,3i 30 TO 1024AIN1390

aMI. 4AI14O
WUEPT8EINET01 'AN

MIA I INE 41013O q
W 599MRSSUIuc2411)

119 P irnIt 109 %rT I) aA1N14"

11sb4 l RSSUCIIPT416 44E)q

0#0 ICoeyjp-QNE AND TIST FOR w'i or DAY 4

VKR a NPTR(ili16J 4A1'41900
lIIPTRI3m)1 Io 0) 00 10 100o IIAPMA I

c RK It 4Att41930

C*0. EVENT FROM NX AN(D PN!' FOP CUNNENT kVrNT "A1'4196ft
C - 00 1o9s 1 a1@3

eii-'% I~RMINE Mrivi UI N krit'~ AND PRg Ae14



MIS PAWU1 S? !Qt3&?iW PPAMft

1900 TIMI UNIPMI(O01 N6f

t~AMC i 410E) 00 TO "'0- A!SIN140
KK 14AI'41600jTE1,LTPRSI1,I )*PR(2;ItE) GO TOl11

1910 CONTINUE
192 -~ --- is 0 X E--- -- 14A 1416$0

GO TO 50 4AtI41690C#011 CALCULATE AVE PHYS WORKLOAD AND C0NPETANcE rf% EAC4 M~W_ MEM34.FR 'AINI730
1920 tONTINUU 

_ ______

EVEM a 010 4IAIM1720

ARW(Il a IDC(I)lCALdI)*TW(I!7W0R~1 4INIM 9If (TUCI) *GT, ' 00o) G0 TO 19p1 ~4AINi1760
YWuTEMP -, !to~-.- -4- 'IN1770

00 TO 1922 
. 'AIN17SO

~::i ~00 TO 14I HN-

1930 CONTINUE-- .. - -_____
SEM 0 IT6M/TEMP 'I-AT NIS4OFCoto PERFORMANCE EFFICIENCY 4AIM169O
VIM *( *UHTCOKIFIC); SFFL.9AT(SIEl) - - ___

V W--RITt 1l0, ) "I NRlN3 cjl.. C I AtN67C WRIVE(6#&003) TEMI 'AINIR90

C COMPUTE EQUIP ANP 4UMAN STATS FOR HUJRT 4A1N19to

BIM9 V ! UII,.T ,0)G O13 4AIN1916
CTEM40 A IN1940

60 TO 1932 4Ipu
v 4AIU

AA! 2n3
4AINJ?030

1932 M NINUE 4AI'4POS0

IrcPiPePFLY,.) FPEFP.0. WiA 14 7 i0 9 0
4 rl~pa!F'OT1)FPErru1.- 'AI4?IOD

9RTF*Dl111 fw~-TY-1 *AI?1



allhI fs

DO~~m 19, I 1312E

______________4AIM228

11 IL

L 4ANMP.~3

I" 11423S0

HGIbOJll,.IJ 91*19

4AIN2390

MM~ ~ M ____A____N___L____ 43n__

I5119 i t7t M . 1.0) 0o T0 2,10UNP7

lat AvtJJ) *0 441tlip3"

AIAtkN1 aQ 0 1 aot 544AINP561

00SI 103 333 *__________ FATIM_ ___4A 4631

00 to 2261 4AjN?ftS1
____q jj a HILS4.1J) 0 wI4uJJ ___ __________

____ _____8_



-~TMS UP liisa DDC

I5k 69-1.7 14. BA3

1200 COYINut
1295 JJmtsdc 4

vauvlfIc(NNI /PwRtjj) 'IAIN2710~I Ill&IjktO) 03 TR 2285

toa4ZCT52~ TO 229V qj~3
fall11fift a U .)wIy DAY '.Ct3.I. EAIRP75'

9900 0rII"ATCI sflYERFXERTioN co eEok DV$3lEEN
1 4' Mk ATE FXgXEDS PJAK WDnK RATE ____________

* TUM a ~ 4AI'42770

titsPCCIJ~aTMI AIN 2830

tUINFALE '"a. 0) srDjrsrDjrr/rLoAT(NFALE) 4AtNPA10
*pAAAJATI43CINUp.F 4AIN2620

CALL OUYP2 AMS~
IfI4 641)DRQ~jDAl) 00 TO 2030 'qARN01
to TO 650 'IAINP860

2030 CALL OUTP3 SPY
IlIIIIAP otU. 11 ;AND* IN §UT, 11) tNOFILE 10 1A1N288
No NOA 40NAYS*ND. 4AI42890

T*IT~oYN) no1 TO 50 4

so to 1 0 UI1P429?
3000 WRI TE46130011 ITE4 '4AtN2930j
* 101 RN AllIOIFAVAL IlU IF"WOWrF REe,. is) 44IN940

STOP 'I4?950

9!L FUNCTION MIULD r"LODfllO
rUNCTION FH'1ILD4N) rPLD01 21

T" 0 2uNIFN"11t50 20 rL04
ItAtRM.LT,f , 0)aM rSOLD0950

so to A00 rXL0oos,10 FSUIL fl( 1'lqLS.100),220,0.7Lq1 rR0fl00~
so To 3000 #ULolloo

44Q) n TO JQP RLa,1130

MSILD a 0,0 rqLD"140
60oTO 55

-TIFF MFFUUILU VT~. 1.131 FRUIL' 101 FqOLfUL
55 AUTURN rILDfl171

-CU uflTIruN IP1JTSM IFY~1±



J2"a 0o1 Fa9-27-7X 1d DDC

7u4cT30N IlplYS"tPAR) 1puyn22I

VUUNRP2(OI) II'J0051

6O TO loco I PjY 0090
I'Vf 1IPiUvYUag

*L ETURNA !PJY0IIO
END IPuJY012

-MCAP flWtit"TINE PSCAP IPUY0140
SUMRUTINE PSCAP( tA,proUM.PiC"I IpuyeIso
DIM__0tENSIONt4 AA(4l.PCQUM,6 .PSCO#~40I 1 tN(SL(3)&LL(1I)flATR(3) IPUY016'
DATA DATRlU.95*0;75,0.60/ 3 Pty 017 f
4u1 p PUY01SO

LISIAAIJ) 1PUY0213
1PUY 0220

Klal IPUY0230
00 110 9910 IPUY0240

IPJY0251
KIaKI*1 IPUYO2?0

110 LIRSLI-LIKI 1PUY3250
£&j,l0,O)U0 TO 271 IPUYQZ90

xKa3 INtY5300

IFTN~3L.(5)0(1 TO 134 IPUYO 330
L(K)*L(KI 1PUY0340
LXSLl-l I-Uyojso
IFfL1,EaO)ufl TO 275 1ptl1y0 360

130 CS~~Ea3IU8S

135 LLMO)K IPUY0390
Al IPUYVOR10

00 240 IIa1.I(K I L1Y042I

LT~L~flI)tIY04SO
TaH( 11'IUTEMiIII'11 jPiIY0460

---- WTT*fT-aEpI PUY 0470-

ISO CNTINUE Tpyo

8tit



66601 U9-27-7h 14.013

60CONTINUE IA37
K98LL(l) _______________

LIKKSIK)*Ll oyop
2500 310 Kniodf.Sgo

1 FI IW7T 5) u T 310 1P '2
T5NP a DAYRI) PJY63
0O 305 '4alok IJY64
IsWCptqlMI.4*AuINl( *99,TE"P~rnNfMRHII~O.,03) IPJY06SO

3!'Nut

350 t4Ns2l PLY0

C!!4PUT SUH8nCUTW'E INPUT TI PTY OlI
SUBROUTINE IJPUT3 TER.KASE) t4PToo2i
COMMON/PXit3RL / T .IGWT,PP~FniPPMU, PFUQ S'FQ,SPMO.SPUO. tN~330

XNpiPID.LPCPT(10 .10),PEN(1O.4),NDSl,!DS(6,20) !4PT0040
COMMqON/tPANAt1/APST,WOqK1.WtDRI2,SLEEP,CNPlAXSL,TFAT.AcP r4Pr05

OIUTPV" I~,1.EAbr.IJ4HLIIK0N41U;KNT1D.1O~K0nJu01,ul
I KON11tI0'10hSSTA(1o),REL1I4),N. IET.IN)(7).NlhAXiflFR(3t(J,2)
CONNON/EQREVIT/ IDF130)oRELHi(30)gDT14(sO)PTUI(30). IRE(30) 14~PTOOSO
CODMN/ttK/AI),ADE(pi.nF(3g1, IESSE(1O) .NREQE(1L3,l0), I40M0
I LODNE(IG) *IRCE(V).10), IRCF1(lO10OITSEI10),TSPI(103 a 11E(I0), I14PT0O09

I EC(1,1,.rFA (10,.NoE(10) 1)LUMK#NaICi)IKI11 I~~[

1 IMIEC(10),tIIQRa12R(6),ICLASS 14PT0130
COMM ON/SEVENT/IETYP(57)TI.(a57u).STI570) ,EDCV(3,570). !PE(170), INPT0140
IT507 J7T1(5/0l#4X3,5 70RTtItl7u1,IF0I(5703.iEFN(570j1 NIf(570) ,INPTO1SOa IEDC(3.570 .IPRP(3.57U),NOSIF.IEQRE,NEMEDI(9) I1J3TO160

DIMENSION PITT(1O,10) I4PT0190
Dj~NSjN AUURIOf55)1 IPERCT(1.0)

EQUIVALENCE (4T FP1,(IENIpI) (APST FP2), (N (P2), 14PTO220
I (FPStFP4)stPP3,rps), ETSE3Y:IP477!4P),(P.-GG:FP.RI INPTJ230
fRTETER TSI 31,RTUTeTSiSPTI t'4PT040
GEAL MP! sM XSLK7D,,ilEC,LODM;PIMHIRC,KON,KONIKONT.K0)NTI I14PT0250

81IIECI 141,IRCEILOOME ;IT, 0260

NAMELISTPANAN/NrP2,FP2,N1P2, (P2 140TO280
NANELIST/SCHC.VT/N!FP3,FP3,NIP3f tP3 14PT0279
1RIT,Eg(EV1/NFP4,FP4,N!P4, (r4 14PT30
NAME6IST/kMN"EVT.#NFPS,FP5,NIPS, IP! INPT0310
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M0NP2 a0 ____________ ____________ Iptnslp

NI2 a0 I14PTqI560
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GlDFSo013JXo'9f4XdOVQF,s/32X,'10',4X&IOFS.01/*CONSUMABLE THRESHOL
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=0 00?! FUM1Sia TOQ DDC
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PTyT(..J Iprrl, I).TT(J-1, ) INPT0631
210 CONTINUE INPT0641)

NTIUE INPT065fl

ff *AND..O. ITFR q~T; 11 GO TIn 299 IPO7

4(FPI(I)PICI 1312; 61sIP1(6014.6$FII)I. 27 6.
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7I1 1 4 5 69 9 to1 SHIFT 1 2

53 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 201te/l' 14,SK,
9 10I1F4#2s1x)sf 1 '.20I3ate' 2l#5XvlO(F4.2#lX) 1 2 '.2013.
A 181 3'.5Xo101F4.2#LX),' 3 ItZ913plot 4'.5Xs10tF4.2a1X)#
1 1 4 f.2013ottf 5'.5Xs10(F4,2#IK),' 5 0@2013#/o' 6',sK,

' 1014742!,X1K1 .' ? ;,250!31 ' 7' 5!,1glr 2.IK),/.ft' 1;jK

E 10IF4,2,1K.*/P' 101,5Xel0(r4,2,1X))

I__UU RUKA 19 7j'.'TjA CAPA51ITT AVERAGES-',10X,
I IPHYSICAL'sl:'HAN DAYS PEfl', 9X3 ;DURATION'.12X,'CAPASILIIY',/,

ZV? IrIITER,EQ,I) liD TO 300 -7NPT4 -
REWIND 10 INPT0850
READ(1O) NFP4sNlP4.NEORE,(FP4(I1m1,tlNFP4)..(IP411 )sI31,NIP4) IMPTO0eIO

300 NFP4 a0 INPT0S~j
NIP4 a 0 14PT0890

NEORE-IP441) INPT09tl
WirN LE 1) G0 TO So301rg~

10 INPT0930
WRITECIG) NVP4.N1P4.NEOREIVP4fI).IulNFP4),(1P4(1).IulNIP4) INPTC940

301 '(Mu2 INPT0950
jI m" 1 INFTn960
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00 350 1 a 1.NEORE NT9
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3 IEDCV(Kj),IKu,3),IPE(Jb giru l.g, IEUN(j),Dytqj),(j.2OO-.II.)*12D.
835 PDESCRIPTION1"7Xg.O~ISLti. T4ESbIoLf SET. PREL

LIABILITY TIME EVENTS/Su1Y,'TYPE',72X,fIUNIT5IHl) (UNITS)'#
I Ska'IDAYSIFAJL UNAVAIL FAMILY'/.I4.3X.12A6.jUJIiaxrR.3.AX.

4 ItVENT NI:XT EVE'4T PROBABILITY REPEATI DATA CHO~ NO DATA C
s~fNae VALUE PaEr. rAAIILY qm~ OURATION EVEN gpli"jIt

6 YPE 1 2 3 1 2 S TOUCH4UP 1 2 3 1
61 2 EEN NDC IUBR AEE IN rAMILY COMPUTER,

7 01A #~o3o34ors2#ii4#3~o3~ol~~19.rio,2,_9,loIi ____

399 tr(ITER,EQ,I) On TO 400 INPT16G41

NIPS a a ImpyI 700
RfAD 15 Eu4REVT)

Roea NFP313 I'PTI 720
'4P3*NIPSjII aIT 

3IF(INrPS.,NENE.E3-)OR TO PS1.NIP1)*

:TNT, " KITE(1J
401 I, IT s

IF %III sti),res 0 .AND. ITEM .LE; 11 WHITE16,64291 IN NT170
8429 f4RMATl1H1,49X*ICMER0ENCY EVENT DATA')

DO0~ If INEM

A30611) F PSINK 11 ii IPISSO
___oTEMI rpsIKK *2) P7170

IDfiStj)%IPsfMM) INPTI 690
409 NHMMOI INOT1900

IEISMI )IPIMt) 14PT1OI1J
00 410 1 a1.10 INPT1920

*jl aIF5e'"1 RNIR4T1

L M ( I) atpSImr4) 1PT96 1

DO Ri Jl10IPTI 990420 Ai l N I SI 4 4PT i9

T35II a I'9 (MM) IP2I
00 421_Jul.1 _____ _

MR a M" * 1 Iff
425 IRCEI(JoI) 0 IP5 (4m) IP?

- ll i In'"3immma ;~
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ama 0a 9.7A t A A&

430 43 j @ I soT29
IMCIIJOI)PdP 2 P ~f100

439 CONTINUE

MR . MR 0 3 tN'Tt33 i

STL9197918 go 24N0

0164 2~~ 241 fPT2160
ToW960) a~ TSW I4rj* 218I

Toll$560n TS11I)4PT2181

tUDC13#1.5601sU. 14PT225
IFI IN~D4113NE. AND. ITIR Lt. 1) 14PT22S'I

649TWAjjvffW 93~F14jf~v-tARTI- CONSUM T14R
1111O040 SET'./,I NOl',TeapAVe SIGMA' ,8X, IUNjTS/NHW)',6X*
a !UNITS' 11cI' 3s4X%
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I SX,1014,T72 ,10F3.0),Tl15,12.'AXsf4,2./,T27,,IoIA.T7I1ulI

49 CINT1NUE 3'~240
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Nf~sno INPT?6
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INI3 PAS TO IU? QtiA1/? PFA*fft
J7M OOPY 1U1M2ISHME TO DDC

65606 p1 09.27.7614 t4p3

a 'I9b19126XfoI ,''A1,40ONSUMA86 EXPENDITURE RATE (UNITS)
9' 14X.'SXPCTED ENERGY CONSU"PTIONf.l2X,'I'#/#'Il#40X*.1 2 3

A1 12 3 4 5 6 7

tTPESuNIP5/65 N

0060IloNTYPES IPP9
DoDDJ8l012 NT

IDESIJ)oIPSImmJ TNPT25IO
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MNDMl a 1 (M* )IPT2940

AID FPS juiK INPT?560
DO 610 J I ) I 4PTP9?o

LODM~g -IPS (H) soT?0

LOD a IPS I MM* ) INPT260t)

M4) a MM f 3 INPT2630
00 615 Juil 1INPT2640
INC 4A) a II's M) INPT2650
IRCI(J) a II'S (mI4 10) 1 PT660

MmI4'4,1l INPT2690
00 620 julo10 INPT2700
15C 10I a 5I'5 Imm) INPT?7tD

620 NMl a NM * 1 'P?2
'4IOR a IPS I MR) N7

625 QGR(J) a 3P5 (""I I NPfls
ICLAsS a Ip5 ("m # 1) INPT2??D
WRITE(2IPEfRA89o60) ADURIQ I'4PT2760
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6,1 RETUR" NTPN
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~ at 9.~7-~ td.a3 IM ODPY FIAM2ISHME TO DDC

READ(10) (rP3(ll.Is1,N7P3),(IP3II),Ia,,N!P3) IMPT?930
90 to lot IPPT2 40
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READ (.upN.OIuY1a ~i INP T?960

AD IlSeSCEvT) INPT2990
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* II~LE1~00TV 501 INPT3010
WRITE110) Nnp O1(nD-1)t1 11 at INIP3

WRTI1 r31g)l).Iu1FP lifrP31)Ia.w3 INP13030
lot xx a I INPT3040

44S aNPY3O50

~ Id .~) C NPT3060

Rrw )IP3IIK.4)INPT30o
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INPT 3144I
INPT 3150
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MIS PAUE IS BlUT Q1MAjW PMTOA&A
=0 001! 1LUAISHOD TO DDC

6860 O! 09-27.76 IJA~aS

Ir(NODft,24);lO,01 WRITE(6#49Ql) N0Sk*ND.InUMY(.ljmb.1j~j)

STUP 14PT346
900IGRR a I INPTS470

WRITE tI 090 UT3)
-vur-ruwwR"r IN FOLLOWING INPUT LI3T72Ig4PRpORAH WILL NOT COPTIHPT3490

WRIT& I06 PANA4) NP3I

9030 IIRR 0 1 IMPT3%30

80 TO 300 IPSO

C WRITE 16,EOHEVT) INPT3590
C 12 T 400 INPYSOOO

9040 'tmNR 1l INPT3610WRITE 4609011) 14PT3620
WRITE 161E"V?) N232i
00 TO 601T34

9090 IERR I IMPT3690

60 TO $000 INPT3690

KN FUNRT(IlIP110 As,[RKR.*GU1T 14PT370
RETURN INPT37IO
IND 3UtU4PN OUP 

Ti
EUSNOUT NF OU VPI OuTPg 020
INEGR 41 OUTP0030

INOM0 OUTPDQW
COIQION,'SVENTME IEY (0 ), l0,T50,ov3,7)I~,0, OTOS

£ T1501 ,T1570,1 X(3#57 IlRTUf5?91j E1 7 NI yo70 1~ 70 Pf~60

CONMOt4/OPPI/ IAA(4) ,PCIIS);PACE(3g) ,ASPI2O) .NSLSI20) ,PI 213 OUT'OO81
IsPIIIUO),ICM01O OUTPOO90

O~NON1OPP I V~g;TWPgIp;,TW51igI#g51lplAPW(2pI)pPCG~i), Ourp010(v
ICASP420OIDCtto), NSUCl#NSUC2,flrALk#NIGNR, OuTP01IO

2 ONCU16).IONC11II?) SI;cNLiND.ITERNoAYSIMPCC(12) ;AT(20) flUT'P0if2L
4 ,APOUTPOIFF
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IMENSION OUTAMW,.EN3IZ@ ,DALYL3ESO). IITER135,1O),T3(10) OUTP0250
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DIMENSION CLSNME137),CLSDT 1(10.40).CLSDTR(10,'401. IPERCT(1O) OUTP02so
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aIMUEC ;3HELA s3MELR 13MILO o4HILEP 03HIELI ,5NELRPT o OUTP0310
3 IEMURM *3MENC .3NEP~iD RNEI'R .3IQ ,1EE 3HENl 2 UTP0352

4 VNERRPT o4MMR #Z4My 42HRA @?"MR .214MG *.SMEI # 3UTP330
I Im414 ;4HMRPT I OUTP0340

DATA C116'4 /OUTP0350
DO 36 121010 OUTP0360

3i0 NY, PEII~sO OUTP0370

390 4TjP114)mNTIPElKI.1 OUTPO400
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ZANY SECONDAIIYfIOX.ATION LAST SLEEP INCAPACIT19)
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PACEA a PACE(K) (UTPD930

ANAaASP(K$
HVLZA 0 HSUIKI ),031
PIA 9 P1(K) OUTPD0t*O
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K a K*I OUTpos9o
PA9PCA*PC(K)1;11
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4 $PRIMARY SkCoNDARy, ~/.(13g

9 17,2X@216))

00 430 Iej#IC OUTPOSSOOUTAfl) p OUTA(11*Pc1I) OPslo
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DO 0 435 I@L,12 O;09

W~ OUTEIII 1 C UTAILI19m#2 lCl
9417 fORMAT11 AV(SJMANS,,.t2X.Pe,3.o.3.rlO.3,r7.3;rs,3,F1 29 3,Fa,3,r,;l.

*OT(#K OTfY s~l*P7,2i OUTP1043
N "UTP 1050Hy Iuly" KIN OUTPTUBO

NR~TUN OUTP1010
MN! JagOUTPi0S1

GVTIUUV OuTpi Uve
0 OT 0.00rIP10

C~I::,UP

W.10



tI8S RAGN rS MT QV7AWiTYT ? M&nCM
NbM OWY FLIMa&= TO DDO

00 440 Jalp3O
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DO 400 Jl.1 (UTI 5
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N~ll)OUTP1700
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2110 CONTINUETI.6
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I APPENDIX C PROGRAM FLOWCHARTS
This appendlix contains the program flowcharts for the digital simulation models as follows:

j * Appendix Cl .1-2 man digital simulation model

0 Appendix C2 -4-20 man digital simulation model

i401



APPENDIX C1 - PROGRAM FLOWCHART

- This appendix contains the flowchart for the digital simulation program. i
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Simulation Input Data Preparation

Input for the intermediate size crew simulation model are initially pre-
pared in NAMELIST and final field formats. Actual card layout and sequencing
information for these formats are given in detail in this Appendix, and
correspond to the types of data presented in Table B-1.

Table B-1

Types of Punched Card Format

Card Format Type uf Data

1 Number of iterations
2 Title
3 Tape input and number of days
'4 Parameters
5 Personnel

6 Equipment repair events
7 Emergency events
8 Event type data
9 Sequence data

In the NAMELIST format, data are punched sequentially in card columns 2 through
72 without regard for column assisgnments. A comma separates each input number.
Thus, all arrays must be completed with zeros. For example, the cross training
probability matrix must have 10 x 10 entries even in the case that there are
fewer than 10 types of personnel to be simulated.

If the simulation calls for more than one iteration, the input routine
dumps all input data, except for the parameters and personnel data, onto a
magnetic tape. This tape is then read in the subsequent iterations. A tape
created in this fashion can be used to supply input for future simulations.

The sequencing, content and structure of the input data rules follow.

0.3

i77

--



Title Cards
Description FORTRAN Format Value

Card Format I Number of iterations NKASES 13
Card Format 2 Title HEADR 12A6 12 spaces
Card Format 3 Tape input opticn (000: card, ITAP 13

001= tape) 13
Number of days simulated NDMAX

Input Parameter - Card Format 4 SPARAM
NFP2/FP2=

Average psychological stress threshold APST
Number of hours worked after which no new
assignments are made WORK1 - ,

Number of hours worked after which further
work is unauthorized WORK2
Number of hours since last sleep period
by average crew member at start of mission SLEEP
Catnap length number of hours below which
is rest, and above which is sleep CN - ,

Maximum sleep permitted per day (hours) MAXSL
Fatigue threshold-below which sleep is
not authorized TFAT
Average crew pace (averagez 1,
Fast <1; Slow >1) ACP
Number of calories required by average
crew member per day CALRY
Average short term power output for
average crew member (calorIes/hour) PWRRT
Derating constant for acceptable performance K7
Fraction to which man's physical capability
reduced when daily quota of work is doni KI - ,

Effect of stress on performance on a

W~f Uftt~fttdfoit unmanned station. USHLIM
hours 1 -ON,

Initial value of consumables on 2 KON(2)
hand at start of mission for KON(3)
those expended on a units 4 KON(4)
per hour basis 5 KON(5) ,

6 KON(6) ,
7 KON(7) ,
a -- KON(8) I

9 KON(9) - ,

10 KON(1O) - ,

D4



Title CardsFOTAVLU
Description -OTA, AU

Consumable threshold for consumable 1, threshold 1 XONT(1,1)
2 KONT(2,1)
3 Kont(3,1) -

4 KONT(4,1)
5 KONT(5,1)

S KONT(6,1)-
7 KONT(7.1) -

a KONT(S,1) -

9 KONT(9,1)
10 KONT(10,1)

consumable 1, threshold 2 KONT(1,2)
2 KONT(2,2) -

3 KONT(3,2) -

£4 KONT('4,2) -

5 KONT(5,2)-
6 KONT(6,2)
7 KOWF(72) -

8 KONT(8,2) -

9 KONT(9,2) ____

10 KONT(10,2) -

consumable 1, threshold 3 KONT(1:3)
2 KONT(2,3) -

3KONT-:3

6 KOWF(6,3)
7 KONT(7,3) -

8 KONT(B.3) -

9 KONT(9,3)-
10 KONT(1O,3)

consumable 1, threshold 4 KONT(1,4)

2 KONT(2 4)
3 KONT(3,4) -

4 KONT(4,4)
S KONT(5,4)-I 6 KONT(6,4) -
7 KONT(7,4)
9 KONT( 8,4) -

9 KOWI'(9,4)
10 KONT(10,4) -

consumable 1, threshold 5 KONT(1,5) -

2 KONT(2,S)
3 KONT(3,S)
4 KONT(4.5)
S KONT(5,5)
6 KO~R(6,S)
7 KORT(7,S)
8 KON'(9,S) -

9 KOwR(9,5)
10 KONT(10,5) -



Title Cards
Descvitio 1OTRAN VALUE

Cvsn i threshold for consumable' 1, threshold 6 KONT(1,6)
2 K0Z4(2,S)
3 KONT(3,6)
'4 IC0F(a.,G)
5 KORT(5,6)
6 K0W1(G,6)
7 KORT(7,S)
a KONT(S,6)
9 KORT(9.6) -

10 KORT(10,6)
t;,nsumable I1, threrhold 7 KONT(1,7)

2 KONT(2.7) ____

3 KONT(3,7)
'4 KONT(4,7)
S KOTi5,7)
6 KONr(6,7)
7 KOT(7,7)
a KOT(I,7) ____

9 KONT(g 17) ____

10 KONT(10,7) ____

consumable 1, threshold 8 KONT(1,) ____

2 YONT(2,9)
3 kON(3,8) ____

'4 KONT(4,S) ____

S KONT(S,S)
6 KONT(6,a)
7 KONT(7,S) ____

S ~KORT(8,8) ____

9 KORT(9,B)
10 KONT(10,S) ____

consumable 1, threshold 9 KONT(1.9) ____

2 KONT(2,9) ____

3 KONT(3,9) ____

'4 K0WRT4,9) ____

5 KOMT(5,S)
6 KORT(S,9)
7 KONT(7,9)
S tcOiT(S,9)
9 KONT(9,9)

10 KONT(10,9)
consumable 1, threshold 10 KONT(1,1O) ____

2 KONT(2,10)
3 KOMT(3,10)
'4 KONT('4,10)-
3 KOIT(5,10)
* KOIT(6,10) -

7 KOWT(7,10)
* KONTC,10) I-
2 KONT(9,10)-

10 K0UT10,10)

04



Title Cards
Descript ion FORTRAN VALUE

Initial ValUe Of consumable: 1KON1(l)
(u~ts) 2 KOtNl(2

3 KONI(3)
4________ KON1(a4) -

6 KON1(6) -

7 KONIM?

S_____________ ONl(S) -

9 KONI(9

IQ KON1(1O)

COVnsumable threshold for consumable 1, threshold 1 KONTIM 1
2 KONTI (2)-
3 KONT1(3)

5KONI1(S 1) -

6KONT1(6,)-

cosu ale ,th s od KONT1(7,)

2 KONT1(8,) -

30 KO W Y1(3,) -

£4 KONT1(£4,0

osumable 1, 'threshold 2£4TI12

3KONI(3,4) -

4KONTI(£4,4) -

5 KONT1(5,4)
?K 6KONT1(6,4)

7 KONT(7,4)-

8 KONT1(8,£4)-
9 KONT1(9,4) -

10 KONTI(104) -

cosuabe , hrshld3 ON.7,3

2 KON1(2j3



Title Cards

Descriptioni FORTRAN( VALUE

Cosmx4V threshold for consum~ble 1, threshold 5 KONT1(1,S)-
2 XONT2,S)
'4 KOflT1(',S) -

S3 KON?1(3,5)
5 KONrTl(6,5)
6 KONTI(7.S)

7 KONT1(7,5)

consuial 1, threabold 6 KOMfl1,S)

2 KONT(3.6) -

4KOK?1(5,6)-

6 KONT1(6,6) ____
7* XONTI(7,6) -

a KONT1(856) -

9 KON?1(9,6) -
10 KOt4T1(10,6) -

tonsuAmble 1, threshold 7 KOHT1(1,7)
2 KONTI(2,7) -

3 KONT1(3,7) -

4i XONT1(14,7) -
5 KONTI(5,7) -

6 KORT1(6.7)

7 IC0W11(7,7)

9 KONT1(9,7) -

to KONTI(10,7) -

consuuable 1, threshold 9 KONTI(1,S)
2 KONTI(2.S) -

3 KONTI(3,a) -

'4 KOXT1('4,S)-
S KONTI(S,S) -

I KONT1(7,8)
I KONT1(8,S) -

9 KOTI(98) -

10 KOXIT(10.S) -

consweMoJ 1, threshold 9 XOUT(1,9))
3 KOT(3,9). -

'4 xl('4,9) -
S KONTI(S,9) -

6 KONTI(6,9) -

7 KOTI(7 9) -

9 K(OwT1(89) -

9 KowT1(q,9)
10 KONTl(10,9) -



Title Cards
Descript ion FORTRAN VALUE

Consumable threshold for consumable 1, threshold 10 KONT1(1,10)
2 KONTl(2,10)
3 KONT1 (310)
4 KONTI(4,10) ,

5 KONTI(5,10) -

6 KONT1(6,1o) ,
7 KONT1(7,10)

8 KONT1(8,10)
9 KONT1(9,10)

10 KONT1(10,10)

Sea State
Description and height of waves 0 -- calm, glassy SESTA)
in feet) 1 -- rippled, 0-1 SESTA(2)

2 -- smooth, 1-2 SESTA(3)
3 -- slight, 2-4 SESTA(4) ,
4 -- moderate, 4-8 SESTA(S) ,
5 -- rough, 8-13 SESTA(6)
6 -- very rough, 13-20 SESTA(7)
7 -- high, 20-30 SESTA(8) ,_ ,
8 -- very high, 30-45 SESTA(9) - ,
9-- exceptionally SESTA(1O) 1.0

4 high, over 45

Intermittent reliability--electronic equipment RELI(1) I__

Intermittent reliability--electrical equipment RELI(2)
Intermittent reliability--electromechanical equipment RELI(3) ,
Intermittent reliability--mechanical equipment RELI(4) - ,

Number of mission iterations NIP2/rP2-
Number of iterations per computer run N - ,
Essentiality threshold, below which an event is IET - ,.+nored (110
Indicators for output recording options IND(1) -,

Print all inputs (1), or parameters only (0) IND(2)
Print (1), or don't print (0): crew initial coditions IND(3)

day numbers of Ist. re- IND(W)
pair, emergencies

Print detailed event results for all events beginning IND(S)
with day
Print end of day results for all days beginning with day IND(6)
Print (1), or don't print (0) mission results by indivi- IND(7)
dual man -

D-
.. ... . . .. . . ... . . . ..D, .. . . ,. . ... . . . . . . .. .. . . . .. ..I. ..O. l 

'



Personnel Data-Card Format 5

Title Cards
Descrip tion FORTRAN VALUE

$PKRSNL
NFPI/FPI

Mean body weight of total population (lbs.) WT ,
Standard deviation of population body weight (lbs.) SIGWT
Fraction of the crew fully qualified in prime-
specialty PPFQ ,

Fraction of the crew minimally qualified in
prime specialty PPMQ _

Fraction of the crew unqualified in prime
specialty PPUIQ

Fraction of the crew qualified in second specialty SPFQ
Fraction of the crew minimally qualified in
second specialty SPUQ

Avg. number of man days between physical in-
capacitations MF I

Avg. duration of incapacity (days) PID ,
Physical capability constant, a value yielded zero
physical capability due to over exertion -PC ,

Crosstraining probability - enter fractional 1,alues
representing the probability of man with a given
specialty also being trained in each other specialty.
Diagonal elements are usually zero if a man is not
to have the same primary and secondary specialty.

prime specialty

second specialt C1 2 3 4 5 6 7 9 9 10

I PT (1-10,2) I_______________ PT1(l1O, . _-, _. _. _. _, *

PTT(I-1Q,3) , , , , _ . . . .
"____________________ PTT(1-10,) - , , , , __, , , - ,

PTT(1-10 5 ) - - . . . . . ..- -

PTT(I-1O,6) ___ S -- -. " -. .. . . .-
PT"(I-I0,7) , , , -, -' , -, , , __ ,

____________ PT t(I-10,S) , , , * . .. -, ,
PTT(I-1O,9) , l • ..
PTT(1-10,1) O , , , __, _ , • -.

Crew composition
number of men in each specialty at each crew eschelon (rank or level)

prime special ty

6 7 8 9 10eschelon or level NZpI/rZpIW

_____________ MEN(1-10,1 I % %

MEN(I-1O.0, . , . .
tnN(1-lO,& _. . _ , . _ _ S .

DI0

*5



Title Cards
Description FORT VALUE

Number of duty shifts per 24 hour day NDS
Crew duty shift assignment

Man 1 IDS(1-6,1) _ : :
2 IDS(1-6,2)
3 IDS(1-6,3) ,_ , ,

4 IDS(1-6,4) , , ,
5 ZDS(1-6,5) , , , , ,

6 IDS(1-6,6) _, , , ,

7 IDS(1-6,97) , , ,

0 IDS(1-6,8) ,_,_,_ ,
9 IDS(1-6,9) ,_, , , , ,

10 IDS(1-6,10) , , , ,

11 IDS(1-6,11) , , , ,

12 IDS(1-6,12) ,

13 IDS(1-6,13) , , , , ,
17 IDS(1-6,17) , ,

18 IDS(1-6,18)
19 IDS(1-6,19) , ,

20 IDS(1-6,20) ,_,_,_,

For each man enter .2- IDS of one or zero, i.e., one value for each shift:

0 oe i

0 (man not assigned to this shift)

Fil1 (man is assigned to this shift)

Fill in matrix with zeros if necessary.

)

C!!

I I .. . . . . . I I l



.... .. + .. .... .... ... ... .. ...... .. .. .... ..

EQUIPMENT REPAIR DATA -CARD FORMAT 6

Complete the following data for each equipment repair family.

Sli'lpment Name Equipment Number__

Title Cards
Dvscrlption, FORTRAN

jrquipJI i NFI* $ROAuvM

Reliability (days between hard failure) RELH

Intermittent failure duration (hours) TUK - ,

For eah Wene In the repalr taiV1
Event 1Repair maxiLmm duration (minutes) DTR - ,

Probability of next event PRB(1-3.1) ', ,

Data change number IEDC(-3,1)
Data change value £DCV(1-3,1) l - ,

Event 2
Repair maximum duration (minutes) DTR
Probability of next event PRB(1-3,2)
Data change number IEDC(1-3,2) ,

Data change value EDCV(-3,2) ., , A
Event 3
Repair maximum duration (minutes) DTR - ,

Probability of next event PRB(1-3,3) , ,

Data change number IEDC(1-3,3) - - -

Data change value EDCV(1-3,3) ,
Event 4
Repair maximum duration (minutes) DTR
Probability of next event PRB(1-3,4)
Data change number IEDC(1-3,4)
Data change value EDCV(1-3,4)
Event5
Repair maximum duration (minutes) DTR - ,

Probability of next event PRB(1-3,S)
Data change number IEDC(1-3,5) - -

Data change value EDCV(1-3,S)
•vent 6
Repair maximum duration (minutes) DTR - ,

Probability of next event Pi.(I-3,6) , ,

Data change number ZEDC(1-3,6)
ta change value EDCV(1-3,6)

Event 7
Repair maximum duration (minutes) DTR

Probability of next event PRB(1-3,7) ., ,_ ,
Data change number, IEDC(1-3,7)
Data change value EDCV(1-3,7) ,.,

*Punch these cards for first equipment repair family only. J._ °" R



EentaI maximus duration (minutes) DTR

Probability Of next even40%-3m

Data change value EMCv(-3,S) - -

Reapair .mIm durat ion (minutes)DT
h"ityone*vent PAB(l-3,S)

Datachage vlueEDCV(1-3,S)

Iea mxmmduration (mnute*) IITIRI
Probability of next event PRB(1-3,10)

Da OlAnge number IEDC(i-3 10)
Data change valueEDV13O
Event 1
Repair maxiwA.s duration (minutes) DTR

Probability of next event PRAI3,11)
Data change number ZDC(-3,31)
Data change value toCV(1-3,11)
Event 12
Repair maximum duration (minutes) Pfl1412

4 Probability of next event
Data change number ID( ,2
Data change value ECMI-3,12)

liD-13
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EauiDment Renair Data

Compete the following data sheet for each equipment repair family, i.e., each equipmentt~ype

Title Cards
DoecrlDt ion FORTRANV

Total number of equipments NEQRE NIP4/$P4.
Complete the following data sheet for each equipment
repair in family, i.e. each equipment type

Repair description
Description (72 digits) 67 ,
Consumable threshold see number (units/hour) TSR
Comsumable threshold (units) TSR1
Number of repair events in family IRE - ,
Family number IEFN

Event family members

Event 1 Type number IETYP
Precedent events IPE
Next eve.Tts NX( 1-3,1) .,.,,
Repair/Touch up (1,2,3) RTU
Event family indicator (0,1,2) 1FOI - ,

Event 2 Type number IETYP
Precedent events IPE - ,
Next events NX(I-3,2) .,.,._
Repair/Touch up RTU -

Event family indicator IFOI - ,
Event 3 Type number IETYP - ,

Precedent events IPE
Next events NX(1-3,3)
Repair/Touch up RTU
Event family indicator IFOI

Event 4 Type number IETYP
Precedent events IPE
Next events NX(1-3,)4)
Repair/Touch up RTU
Event family indicator IF0!

Event 5 Type number IETYP
Precedent events IPE
Next events NX(1-3,5)
Repair/Touch up RTU
Event family indicator IFOI -

Event 6 Type number IETYP
Precedent events IPE
Next events NX(1-3,6)
Repair/Touch up RTU - ,
Event family indicator IFOI

Event 7 Type number IETYP
Precedent events IPE
Next events NX(I-3,7)
Repair/Touch up RTU
Event family indicator IFOI

0.4 ..........



|I

~Title Cards

Descripltion FORTRAN VALUE

Event 8 Type number IETYP - .

Precedent events IP,
Next events NX(1-3,S)
Repair/Touch up RTU -.- _
Event family indicator IFOI

Event 9 Type number IETYP
Precedent events IPE
next events NX(1-3,9)
Repair/Touch up RTU ,
Event family indicator IFO

Event 10 Type number IETYP
Precedent evenad IPE

ItI

A Next events NX(1-3,10), , _
Repair/Touch up RTUI _
Event faily indicator IFOi

Event 11 Type number IETYP
Precedent events IPE

Next events 4X13,1
Repair/Touch up RTU--- --

. Event family indicator IFO!.

Event: 12 Type number' IETYP,
Precedent events IP£
Next events NX(1-3,12)

Event fam~ly indicator IFO!

k Punch on y after end of all e u p e t r p i a a

011



EMERGENCY EVENT DATA - CARD FORMAT 7

Repeat following data for each emergency type.

tEmergency Number

Title Cards
Description FORTRAN Value

$ENREVT

ftergenceas
Emergency: Description 67H

Essentiality IESSE - ,

Number of men required (by type) NREQE(1-5,1)
NREQE(6-lO,1)

Mental load LODME
Rate of consumable expenditure for those
expended on a units/hour basis IRCE(1-5,1) ,_,_,

IRCE(6-10,1) ,,_,_,_

Threshold set for units/hours/consumables TSE - ,

Rate of consumable expenditures (units) IRCEI(1-5,1) _, , _,,
IRCEI(6-10,1) ,__,_,

Threshold set for units/consumables TSE1
Hazard class IHE -_

Energy consumption by personnel types
(calories/hr) IECE(1-5,1) ,_,_, ,

IECE(6-10,1)

Mean number of days between occurrance of this
type of emergency NDBE

Repeat following data for each emergency
NFPS/FPS-

Average recovery time (hours) ART
Average standard deviation of recovery time (hours) ASDE
Duration target for recovery from this emergency
type (hours) DTE - , $

L



EVENT 7YPE DATA - CARD FORMAT 8

Event type number

Title Cards
Description FORTRAN Value

Event type data $TYPE
NZPS/1P5,

Description of event type 67H_ ,
Essentiality (0 to 100) IESS
Number of men required (by type) NREQ(1-5,1) , , , ,

NREQ(6-10,I) _,-,-,-,
Mental load LODM
Kind of event end time (1= fixed end;
2= variable end) KE
Kind of event (1= normal; 2= training) INT
Rate of expenditure of consumables (units/hours) IRC(1-5,1) ,_, ,_,_,

IRC(6-10,1) _, ,
Rate of expenditure of consumables (units) IRCI(I-5,1) _, ,

IRC1(6-10,1) ,_,_,
Hazard class (1-3 low, 4-6 medium, 7-9 heavy) IH
Energy consumption (cal./hr.) IEC(I-5,I) ,

IEC(6-10,I) , ,
Number of equipments reqqired* NIQR
Equipments required* IQR(1-6) _,_,,,.
Class ICLASS
Calet. entry of all hvent type data, ZIUl to ICLAss, ADUR
for all Event types before entering duration data. ASD , $

Preede duration data by EtS/IPS-

.Not Each NMLIUT entry (oz $Tfl3 Nf S/1US -)
occure only once. It to not repeated before each
task type.

Average duration (hours)
Average standard deviation

*For event type data which are for equipment repair, NIQR must be 1 (one equipment
being repaired) and IQR(I-6) should be of the form (X,0,0,0,0,O) where X is the
number of the equipment to be repaired. For scheduled event types where, say
equipment numbers 1,3, and 11 are to be used in the event, NIQR= 3 and IQR(I-6)a
(1,3,11,0,0,0).

D-17
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SCHEDULED EVENT SEQUENCE DATA - CARD FORMAT 9

Scheduled events title card FORTRAN Format Value

(Input card not free format)
Day number for this iteration ND 13
Number of scheduled events this iteration NOSE 13
Title for this day 11A6 T6"-spies)

Complete the following data for each scheduled event:

Scheduled Event Name Scheduled Event Number__

Scheduled Events FORTRAN ViU 

$SNI31T~
Event type IETYP P3,
Precedent event sequence number which
must be completed before current event IPE
Threshold set (units/hour) TS
Threshold set (units) TS1 -

Repeat/Touchup code (1 repeat; 2- touchup,-
3a no action) RT_ _
Event family indicator iFOI
Number in family NiF _ .
Family number IEFN
Next events NX(1-3,1) , , ,

(Repeat for each scheduled event)

Time limit TL
Start time (hours) ST
Probability of alternatives PRB(1-3,1) -

Data change number IEDC(1-3,1)
Data change value EDCV(1-3,1) *

(Repeat for each scheduled event)

013]
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APPENDIX E

CONFIDENCE BOUND ESTIMATION

.i Introduction

In this section, two methods for estimating the confidence
bounds of a lognormal distribution are described. The first method
estimates the confidence bound due to the expected sample variations of
the parameter estimates. The second method estimates the confidence
bound due to the noise effect, which is the random variations from the
smooth envelope of a true lognormal distribution. Normally, when the
random sample deviations from the true lognormal distribution are
negligible, only the first method will be required. Otherwise, the
confidence bounds of methods 1 and 2 should be combined to provide a
conservative result.

In order to clearly illustrate the estimation procedures, the
the sample elapsed (or repair) times (x) of table E-1 are used.

Initially, the lognormal regression line is estimated, by a
shortcut method, as a straight line connecting the estimated median and
the 95th percentile point.

- - The estimated median of repair time - MTTRG - x(50%) - 1.234!

The expected x (952) - MTTRG exp (1.645a/o0.434). S (the
estimate of 0) is computed from equation (E-2) and is equal to 0.623/2.3,
or roughly 0.271. Therefore, the expected x (95%) - 1.234 exp [1.645
(0.271)/0.434] - 3.443.

The regression line can then be plotted on lognormal paper in
figure E-1 by joining the two points x(502) and x(952). The detailed
procedures for estimating the other data points in figure E-1 are ex-
plained in the following sections.

E.2 Procedure for Estimating Confidence Bound Due To Variations of
Parameter Estimates (ethod 1)

9.2.1 Calculation Procedure. This method assumes the random varia-
tion between x and a true lognormal distribution is negligible so that
equation (9-1) holds.

A
*From Table 9-1, MfRG e - 1.234.

E-3
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Legend Data Source

.Estimated Lognormul Regression Line Paragraph X-1
X X X Discrete Sample Data Points Taia. X-1, 2, Colums (3) & (5)
9 - . 95% Confidence Bound, Method 2 Table X-2, Columns (3) & (2 r(3

or 1

a - 0 96% Confidence Bound, Method I Table X-I, Colums (3 ) & ()
c - c95% Confidence Bound, Combined Table X-3, Columns 3 & I or 9!

Methods 1 & 2
Note. X Sample data points are either above or below the r e aion line depend-

Ing on whether c is positive or negative - see Table a-2, Column (7).

a. -

0 ... 0 , ,
V ." -- - - - -

1*' #-

00 "

bee

Percent

Figure 1-1. Illustroted Logormal Regression Une and Confidence Bounds
E-



lax - P = ' + a'Z (E-1)

X - random variable of the entire population; X is
lognormally distributed

x - sampled random variable from the population

Y' - normally distributed with a mean V' and variance a,2

N N
11' - true mean of Y' - , lX/N -, Y'/N

n

A- estimate of 0'" lnX/n

O' - true standard deviation of lnX - 4Z(lnX-U,)2SN
a' - estimate of a' [see equations (E-2) and (E-3)]

y - natural logarithm of x or lnx

N - population size (in many cases N is extremely large)

n - sample size, in this section n is assumed to equal H.

a - true standard deviation of log X

a- estimate of a

Z -standardized normal variate

a - significance level

M - interval size

6'-

-2.36 - 2.3 (lop x)2 - (' log x) 2 /n (E-2)*

n-1

ftquatton (1-2) should be used when sample size is small; equation (E-3)
Is easiet to estimate 0', but sample size should be equal or greater
than 20.

E-5

• E.6



For n (sample size) > 20, ln(lO) - 2.3

- 2.3& - 2.3 iWl log (h x/n)/D (E3)*.15

when D - Antilog (flog x/n)

Since Ui is a random variable which (according to the central
limit theorem) is normally distributed with the mean )j' and the standard
deviation a'/ %'W; the confidence interval of V1 can be estimated by:

Probability (JL < '< ')

= probability (P - t </2(nl) Us< ^

d.f.

+t 2 (a1 ) a (E-4)

d.f.

Since lnx is normally distributed, and (n-l) ,2 is equal

to (lnx --̂ ,)2, the confidence bound of a'2 can be estimated by
equ:ion (E-5). Note that one degree of freedom is lost due to the
estimate of jO.

Probability (012< a' H2)
L n-1) 2,#

probability Xz (1 a/2) (n-l, d.f.)

(n-1t) a'2  )(E-5)
X %/2 (n-1 d.f.)

-1

*In equation (3-3), the correction factor V17?ii-i) is derived empirically.

For instance, uaIng the example illustrated in page 80 of "Maintain-
ability Principles and Practices," Blanchard and Lowery, the standard
deviation estimate based on 27 samples without correction factor re-
sulted in 1.724 percent error. When correction factor is used, the
error ie reduced to 0.155 percent.E.G



According to the proof provided in section 10.4 of "Introduc-
tion to the Theory of Statistics," (Mood, A. end Greybill, F., McGraw-
Hill, 1963), the estimates of the mean and variance of x are statistically
independent; consequently, their convariance is zero. This permits us
to set up a deterministic confidence bound of x values for a fixed stand-
.rd normal variate Z by estimating the worst combinations of JJ'L, UPH,
' and a '

X (upper) - exp [Z(01' H) + v H]I for all Z > 0

X (lower) - exp IZ(aT'L ) +ULl (Z positive) (E-6)

X (upper) - exp az(6L) +~U o l

X (lover) - exp [z(^'L) + (E-7)

L

Since the probability of a parameter equal to (or exceeding) its
estimated limits is a (or < o), the joint probability of both parameters
(W' and a') equaling (or exceeding) their respective limits is a

2 (or
<C02 ); consequently, equation (E-8) can be established.

Probability LR(lower) <X< X(upper)> 1 - 2 (E-8)

E.2.2 Example. Using the data from table E-l, rearrange the sample
elapsed time x(in the ascending order as recorded in table E-l, column
(5). The remaining columns of table E-1 are described as follows:
Columns (1) and (2) are self-explanatory, and column (3) records the
midpoint of accumulative frequency of column (2). For instance, midpoint
of 0 and 0.1 is 0.05, midpoint of 0.1 and 0.2 is 0.15, ,etc. A simple
formula for estimating midpoint accumulative frequency (F') is shown in
equation (E-9).

2 - 1 .F 9 ( E -9 )

2M

I - the sample sequence, which ranges from 1 to n

M - the total interval size, which is 10 in this example

F' - the midpoint accumulative frequency

Column (4) records the standardized normal variate value Z, which can be
derived from a cumulative normal table with F' values as the inputs.
Colmn (5) records sample data (x) in ascending order. Columns (6)
through (9) data can be computed using equations (E-6) and (1-7).

&.7



TABLE E-1. CONFIDENCE BOUND DUE TO RANDOM SAMPLE VARIATIONS OF
PARAMETER ESTIMATES, METHOD 1 DATA

(1) (2) (3) (4) (5) (6) (7) (6) (9)

Accum. Repair
Vr.rq. Midpoint Time lnx inx X x

k (F) F. Z x (upper) (lover) (upper) (lover)

1 0.1 0.05 -1.645 0.5 -0.319 -1.565 0.727 0.209

2 0.2 0.15 -1.04 0.65 -0.024 -1.013 0.976 0.363

3 0.3 0.25 -0.675 0.8 0.154 -0.679 1.166 0.507

4 0.4 0.35 -0.386 0.9 0.295 -0.416 1.343 0.660

5 0.5 0.45 -0.125 1.1 0.422 -0.177 1,525 0.838

6 0.6 0.55 0.125 1.25 0.597 -0.001 1.817 0.999

7 0.7 0.65 0.386 1.5 0.836 +0.126 2.306 1.134

6 0.6 0.7 0.675 1.6 1.100 0.267 3.004 1.306

9 0.9 0.85 1.04 2.3 1.43 0.445 4.195 1.560

10 1.0 0.95 1.645 4.1 1.987 0,740 7.294 2.095I _ _ LZ-O

In order to use equations (E-6) and (E-7), 1'I, SI L, 'H, and O'L must first

be computed. The computation procedures are illustrated as follows:

n -10- M

MTTR - Antilog ( log x/n) - 1.234

A
- in (MTTRG) - 0.210

a estimated from equation (E-2) - 0.623

Let a - 20 percent. From a student's t table,

tO.2/2(10 - 1, d.f.) - 1.383.

From equation (E-4):

v'L = " to&/2(n-l),7-n -0.062L ~ d. f.. --

A " ' + tg/2(n.-l).7.." 0.483

E-8



C
From equation (I -5)

"XFla/j2) (n-l) d.f.)

a 0.623 4 0.915.~~4 _17-l

4' z(1 0..2/ 2 ) (n-1, d.f.)

-0.623 x U7 a 0.487

To compute data In columqs (6) and (8) for Z - +1.645, equa-
tion (3-6) can be used as follows:

34 (upper) - Z ('H) + H 1.645 x (0.915) + 0.483 - 1.987

* t (upper) a exp 11.987] - 7.294

To compute columns (7) and (9) data for Z - +1.645, equation
(R-6) can be used as follows:

lu (lover) - Z('L) + L 1.645 x (0.487) - 0.062 - 0.739

X (lower) - ezp (0.739] - 2.095

Similarly, the other data of columns (6) through (9) can be
coputed; hovae, notice that equation (-6) should be used for eall
positive Z vlue, and equation (3-7) should be used for all negative
Z values.

The X (upper) and R (lover) values with their correspondiug F'
values are plotted In figure 2-1 to provide Method 1 confidence bounds.

x.3 Procedure sor dtimatIM Conf dence _ound Duo to Random
fe.3tion fom a True Lomnormal D1strbution Method 2

Method 2 to based on a classical linear regression confidence
bound computation procedure% The basic notations stated In section 3-2
are unchangedi however, because the method Is intended to estimate the
confidence bound due to the random deviations from the smooth envelope
of a true lognormal distribution, equation (3-1) In section 3.2 should
be replaced by equation (1-10) below:

lx - Y' - ' +oZ+ (3-10)

(.1_ E,



,Iv

c is a nuisance variable that is assumed to be normally dis-
tributed about the regression line with a variance equal to 02 and a
mean roughly equal to zero. If the true values of U', a', and 0£ are
known, the 95th percentile prediction interval for Yo' would be simply:*

P' + a'So - 1.96ac to u' + a'Zo + 1.960€

Because all three parameters are unknown, we shall attempt to establish
an interval in terms of their estimates. The variate CA - Y o -j -al

(or e - Y'o " u' - a 'Zo)** must also be normally distributed because it
is a linear unction of the normal variatis Y'o (or y'o), lit, and a'.
The mean of i is zero and its variance at , is:

ol- R 0p2)

= 1 (y' - A' - Zo)2

u 2[ + .1+ (-1)€ J n n 2l El~

The meaning of the terms on the right hand side of equation (E-11) are
explained as follows: the first term is the expected variance of Y'o or
st2ly O 2 , the second term is the variance contribution to a*2 due to
the randm variable u^, and the thild term is the variance contribution
to aC2 due to the random variable a'.

Since the variate £/o^ is normally distributed with zero mean
and unit variance and is distriiuted independent of oEg2 (n-2)/a2 which
has a chi-square distribution, equations (E-12) and (E-13) can be
established:i1 A (-)

472
a ;

*Y'o indicates a specific Y' value, that corresponds with Zo, which is

a specific value of Z; y' is a subset of Y'.

**c is the estimate of c; t is an estimate of ".

tlquation (5-11) is true only when I Z/n or T is zero. For the lognormal
distribution application, this condition is quite appropriate because
at the median (50th percentile) of a distribution, Z is always zero.
See derivation in: (1) Mood, A., and Graybill, F., "Introduction to
the Theory of Statistics," McGraw-Hill, 1963, Section 10.4; and (2)
NIS RD3[ 91, "Experimental Statistics," August 1963, Chapter 5.

t" £ (y' "  C " I'Z)2/(n" 2); two degrees of feeedom are lost due to
the estimates of V' and a'.

E-10



Probability { ' + o' Zo - A)<y'o (6' + O'Zo + A) --

where: (E-13)

A- ta 2 (n-2 d.f.) a +I+ Z 2 / 2
a2n 0:

E.3.1 Coments on Equation (1-13). Note that Y'o is a subset of
o, or simply its estimate. The y'o range predicted by equation (E-13)

is only a subset of Y10 range-not the expected maximum range of Y'0 with
(1 - c*) probability. The sample result shown in figure 3-1 points out
that equation (E-13) only effectively predicts the confidence interval
for the random sample deviations from the smooth envelope of the lognormal
distribution. To predict the expected maximum Y'0 range, equation (1-14)
in section 1.4 should be consulted. In other words, equation (1-13) holds
only for a single prediction based on U, a, and ac; the relation has
meaning only if p', a', and ao are re-estimated each time a prediction
on y'0 is made.

1.3.2 Illustrative Example (Method 2). Again, the repair time data
from table E-1 are used for the illustrated example. As explained in
section E.2, U' is 0.210, a is 0.623, and n is 10. a is chosen to be
0.10 and ta/2(n-2 , d.f.) is 2.306. Table E-2 data computation procedures
are explained as follows.

Columns (1) through (5) data of tables E-1 and E-2 are iden-
tified; the descriptions of these data are the same as that stated in
section 1.2.

Columns (6) through (8) are self-explanatory. Note that sum
of column (7) data should be close to zero to ensure that the regression
line achieved by the shortcut method shown in section E.1 is roughly
equivalent to that by the classical linear regression line estimation
approach. Also, note that the unbiased estimate of c Is:

I of Column (8) table 1-2
n-2 (1-14)

* .- m 0.*0880- 2 =

Column (9) "A" data can be computed by Inserting the appropriate
parameter values Into equation (1-13). Note that in this illustrated
example 102 is roughly 8.800.EZ

Columns (10) through (13) data derivation procedures are self-
explanatory. Columns (10) and (11) provide y'? ranges defined by equation
(1-13). Columns (12) and (13) convert these y o range values to x values

so that they can be plotted on figure 3-1.



TABLE 5-2 * CONFIDENCE BOUND DUN TO RANDOM SAMPLE
DEVIATIONS FROM A TRUE LOGNORMAL DISTRIBUTION

(METHOD 2)

In we aftis) 209"ut).

h ~ ~ ~ ~ ~ 4 (lka 1 S1-. quataes (I1-a)) *-A Wr a$) ,(,4e

1 0.1 0.03 -1.4 0.3 -0.414 OAR* 0.013 0. NO -1.034 -0.374 0.341 01344
0.2 0.) 1.04, 0.G3 .47 9.5050 .00162 -, -0.21 :. SIG 0.440

) .2 0.3 -0.613 *. -. 110 -. 013 41~ *.l? -0oa . 652ss I.40
4 0.4 0.3 -0.3% 0.9 -0.0)0 -0.073 5 0 :.11ac -0.1" 0 .1~4 c~m am

I o 1 10 1 0.5 1.44S 4.1 .134 0.1?? 10,0311 0.140 1.0.994 1 .414 1 ,75_1 6.34)

5.4 Co92mt on Figure 5-1 and the Procedure for Combining
Methods l and 2

After observing the regression line confidence bounds shown In
figure 1-1, we can see that the method 2 prediction is effective only in
predicting the confidence interval for the noise effect alone. According
to table 5-2, column (9), the A values are nearly constant, which Is
roughly equivalent to the product of tI2(n-2o d.f.) and ayc.* As a
sample @s*e (n) Increases, this phenomenon will be even more noticeable.
This Is because table 3-2, column (9) data Is computed assuming 01. ;
are constants so that the computed A value will predict the rage of y'0
(which Is a subset of Y' ) at a given confidence level. If equation0
(5-13) Is modified to prdIclt the confidence Interval of Y'0 Instead of
yf, the worst expected coembination of amino ranges of 3 and "I values

sh~uld be used so that the probability C

0VL <boV) aprobability{ ai 8' Z- Y 0  P' (

+~ Za + A) 1 l-0

*T a is the repair tim Interval between confidence bound and
regression time.



In this case ) can be either u'H or IAL, and 0^() can be either 0':
or OIL depandi g on which combination provides the maximum range of Y'0 .
The rules for selecting the proper pair of U' and 6' limits are as follows:

VH -inX (upper) + U H + Zo(0'H) + A for Zo >0 (E-16)

VH - inX (upper) + A - W' + Zo(O'L) + A for Z <0 (1-17)

V mX (lower) - A - L + Zo(f' A for °  (1-18)

K: VL - ln (lower) -Am= lL+Z(^',) A for Z < 0 (1-19)

This rule is identified with that shown in equations (E-6) and (E-7).

Since the value of 1'R, P'L, 0'H and 0'L can be estimated by
equations (E-4) and (2-5)6 and A'R value can be estimated by equation
(E-13), the confidence bound predicted by equation (E-15) is equivalent
to the combined results of Methods 1 and 2. To illustrate how combined
Methods 1 and 2 can be used, table 1-3 is constructed. The procedures
for computing the data in table 1-3 are explained as follows:

Column (1) and (2) data are obtained from table E-1 or E-2,

colums (3) and (4).

To estimate the data in row 1 of columns (3) and (4):

U H (from page 7-8 computation) - 0.483

0 L (from page 7-8 computation) - 0.487

A (from table E-2, row 1, column (9)) - 0.240

VH - 0.483 - 1.645 (0.487) + 0.240 - -0.078

'L (from page 7-7 computation) - -0.062

a H (from page 7-8 computation) - 0.915

VL -t 'L - 1.645(c1'H ) - 0.240 - -1.807

To estimate the data in row 1 of columns (5) and (6):

X high =  OR(VE) eXp (-0.078) - 0.925

X low = exp (VL) = exp (-1.807) * 0.164
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TABLE 3-3. CO1tIBND METHODS 1 AND 2 COMFIDENCE BOUND PREDICTION

(1) (2) (3) (4) (5) (6)

VH - inX VL - lax Combined Combined
F. Z (upper) +A (lower) -A ith V low -eaPVL

0.05 -1.645 -0.078 -1. 807 0.925 0.164
0.15 -1.04 +0.200 -1.237 1.221 0.290

0.25 -0.675 +0-371 -0.897 1.449 0.408
0.35 -0. 386 0.509 -0.60, 1,663 0.5$33
0.43 -0. 125 0. 634 -0. 38i 1.886 0. 678
0. 55 0. 125 0. 810 -0. 214 2. 247 0. 608

0.65 0.386 1.050 -0.088 2.857 0,916

0.75 0.675 1.317 0.050 3.733 1.051

0.85 1.04 1.656 0.221 5.248 1,247
0.95 1.645 2.227 0.499 9.276 1.647

E.4.1 Final Comment on Combined Methods 1 and 2. Note that a used
in method 1 (table 3-1) t 20 percent ;hile a used in method 2 (table
E-2) is 5 percent. Proof that these methods are compatible is that
according to equation (1-8), the ultimate confidence level of method 1
is 1 - (20%)2, or 96 percent, while that by method 2 is 1 - (52), or
95 percent. Since £ defined by equation (E-10) is independent of P'
and a', the combined confidence level according to equation (E-15)
should be equal to or greater than 95 percent.

E-14

i[ --


